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Abstrakt 
M.Sc. Salwa Baserrah 
In dieser Doktorarbeit wurde ein Elektromotor nach dem Prinzip einer Drei-Phasen 
Transversalflussmaschine mit Flusskonzentrationstopologie/Sammleranordnung (PM-TFM) 
mit einer neuen segmentierten Anordnung der Wicklungen, untersucht. Die drei Phasen 
wurden um die Rotationsachse angeordnet, anstatt diese in drei Lagen in axialer Richtung 
übereinander zu legen, wie es bei den herkömmlichen Maschinen ausgeführt wird. Durch 
diese Phasenanordnung, sowie die elektrische und mechanische Verschiebung, wird 
sichergestellt, dass die Transversalflussmaschine auch ohne zusätzliche Komponenten, wie 
Startkondensatoren oder speziell zugeschnittene Netzgeräte, bestens funktioniert. 
Mit der neuen Anordnung ergeben sich konzentrierte, sattelähnliche Wicklungen, die sich 
magnetisch komplett anders verhalten, beispielsweise in der direkten parallelen Unterstützung 
der magnetischen Feldlinien. Aufgrund dieser neuen Form und den sich ergebenden 
geometrisch offenen Distanzen zwischen den Phasen, wurden die Effekte dieser Spulenform, 
sowie die Leistungsfähigkeit untersucht. Um eine erste Konstruktion des segmentierten 
Stators zu finden, wurde zunächst eine gründliche Untersuchung an konventionellen PM-TFM 
mit Ringspulen durchgeführt, sodass ein verbessertes Design für den Aussenrotor entwickelt 
werden konnte. Dabei basiert der Vergleich auf dem elektromagnetischen Drehmoment und 
dem Induktivitätsprofil. 
Daher ist diese Art von Spulenanordnung wegen ihrer kompakten Konstruktion als 
Aussenläufer und der erheblichen Lärmreduzierung speziell für Radnabenmotoren gut 
geeignet. Besonders interessant war die Herausforderung, alle Phasen symmetrisch um die 
Statorachsen einzubringen und trotzdem ein mindestens gleich großes Drehmoment zu 
erreichen. Daher wurde die virtuell drei dimensional konstruierte, segmentierte Maschine mit 
Hilfe der Finiten Elemente Methode (FEM) unter verschiedenen Gesichtspunkten untersucht 
und mit einer ebenfalls dreidimensionalen, virtuell konstruierten Schichtenmaschine 
verglichen. Dabei konnte gezeigt werden, dass die segmentierte Maschine eine bessere 
Drehmomentdichte erreicht. Dieses Ergebnis spricht für die segmentierte Anordnung, obwohl 
wegen der Wickelköpfe etwa 31% der PM nicht zum Drehmoment beitragen. Dennoch 
entwickelt die segmentierte Maschine ein leicht besseres Gesamtdrehmoment im Gegensatz 
zu einer vergleichbaren geschichteten Maschine. Ebenfalls wurde eine detaillierte 
mathematische Theorie entwickelt und getestet, um die Gültigkeit, aber auch die Grenzen des 
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Konstruktionsentwurfs zu bestimmen. Zusätzlich wurde erforscht in wieweit sich die 
Aufspaltung der Phasen und deren neue Gegenüber-Anordnung auf die mechanische Balance 
und somit auf die Laufruhe der TFM auswirkt. Die Untersuchung wurde für die Zwei- und 
Dreiphasen PM-TFM durchgeführt. Darüber hinaus wurde ebenfalls nach demselben Prinzip 
vorgegangen und für den segmentierten Stator die Flachmagnet-Topologie der TFM 
analytisch bewiesen und mit Hilfe der FEM aufgezeigt. Da verschiedene Segment- und 
Magnet-Polanzahl-Kombinationen sowie deren Zwischenraumgestaltung denkbar wären, 
wurde eine Tabelle anbei gegeben, welche die funktionierenden Kombinationen beinhaltet.  
Wegen der Rauheit in der elektromagnetischen Drehmomentwellenform und den erzeugten 
magnetischen Normalkräften, ist die starke Geräuschentwicklung ein bekanntes Problem der 
TFM. Daher wurden die Normal- und Axial-Kräfte der PM-TFM mit segmentiertem Stator 
zusätzlich untersucht, mit dem Erbegnis, dass eine Erhöhung der Segmente pro Phase diesen 
Effekt vermindert. 
Für die Überprüfung der theoretischen Forschungsergebnisse, ist eine kleine Testmaschine 
entworfen und konstruiert worden, inklusive eines Prüfstandes, um die Maschine unter 
verschiedenen Anforderungssituationen experimentell zu testen. Die Versuche beinhalteten, 
dass die Maschine in den Experimenten als Motor oder Generator operiert, wobei alle 
relevanten Daten protokolliert wurden. Dazu gehört ebenfalls die Untersuchung von 
möglichen Startprozeduren. Die segmentierte Versuchs-PM-TFM erreichte in den 
Experimenten maximal etwa ≈2,0Nm bei einem Wirkungsgrad von 53% und hat darüber 
hinaus ein erhebliches Entwicklungspotenzial. Zum Beispiel Verbesserungen von 
Zahngestaltung, Wickelraum, Füllfaktor und weitere Optimierungsmöglichkeiten. 
Auf Grund der theoretischen und experimentell bestätigten Ergebnisse, kann die segmentierte 
PM-TFM als ernstzunehmende Alternative zu gängigen Konzepten für kompaktere Motoren 
für industrielle, mobile Plattformen empfohlen werden. Wenn eine Anwendung größere 
Leistung erfordert, steigt der Durchmesser der TFM ebenfalls, wodurch mehr PM an der 
Drehmomententwicklung beteiligt werden. D.h. es zeigt sich eine noch höhere 
Drehmomentdichte zu Gunsten der segmentierten TFM. 
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Abstract 
M.Sc. Salwa Baserrah 
Theoretical and Experimental Investigations of a Permanent Magnet Excited 
Transverse Flux Machine with a Segmented Stator for In-Wheel Motor Applications 
Keyword: transverse flux motor (TFM), in-wheel, segments, saddle, concentric windings. 
A three-phase permanent magnet excited transverse flux motor (PM-TFM) that has a 
segmented stator is studied in this dissertation. The phases of the stator have been placed 
around the rotational axis of the machine instead of placing them in a classical way over each 
other along the axial direction. Through this phase arrangement, the electrical and mechanical 
shifts between the phases are considered to ensure proper operation of the machine without 
the need of extra components such as a start-up capacitor or a special designed power supply. 
The segmented stator construction has required that the ring coils to be replaced by a type of 
concentric winding that take a saddle shape enabling parallel magnetic circuits to take place. 
This has initiated studying the effect of the distances located between the phases on all over 
the performances of the machine. In order to select an initial construction for the stator, an 
assessment study of some conventional PM-TFMs having ring coils are carried out, through 
which they are re-designed as outer rotor motors and compared based on the level of 
electromagnetic torque and the inductance profile. 
As main application of the design is to achieve a compact construction for an outer rotor, low 
noise and speed for possible future in-wheel applications, the most interesting issue in this 
study is how to bring all the phases of the machine around the shaft in one layer without 
losing the torque productivity as when the phases are placed under each other in conventional 
way.  The designed machine is set in many theoretical evaluation studies via finite element 
method (FEM) with the conventional layered TFM, and it shows that the TFM with 
segmented windings has a better torque density as its correspondence in the conventional 
layered structure. This result is in favor to the segmented structure, in particular, ≈31% of the 
PMs number in the segmented structure (i.e., total number of PMs located between the 
phases) will not have an active role in the torque production. 
Since the number of the PMs should match the placement of the phase windings around the 
axis of the machine, a detailed mathematical theory has been developed and investigated to 
show the validity and limitation of the design. The study has incorporated how the 
segmentation of each phase and placement of the two parts opposite to each other can 
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improve the mechanical balance of the TFM. The approach has been shown for two- and 
three-phase PM-TFMs. Moreover, illustration for applying the same principle of segmented 
stator to surface PM topology of TFMs is shown. A mathematical model of the segmented 
machine is developed and analytically compared to layered construction via FEM.  
Although the noise is a well-known problem of the TFM, due to the ripple in the 
electromagnetic torque waveform and the created magnetic normal forces, the first cause of 
this problem can be reduced through shaping the phase current waveforms. Whereas the other 
cause is an inherent nature of PM- machines due to the existence of the PMs, which can be 
mechanically reduced too through the segmentation of the machine phases. The minimization 
of the cogging torque and normal forces is an important task in the development of the PM-
TFM. Techniques to minimize the cogging torque via the construction were introduced. The 
selection of the pole pitch has a direct relation to the magnitude of the cogging torque. The 
normal and axial forces in PM-TFM with segmented stator have been studied too.  
In order to validate the theoretical investigation, a low-scaled test machine is designed, 
constructed and a complete test bench has been built to experimentally test the machine. The 
experimantal investigations have included generator and motor operation modes as well as 
measuring the ratings of the machine and the starting methods. Due to stator segmentation, 
the air gap surface seen by the rotor is not homogeneous, which has influence on the shape of 
currents waveforms. Therefore, the effect of the variations of the air gap on the armature 
currents are studied too. The three-phase test machine has achieved a measured output power 
of 40 Watt at 200 rpm with efficiencies between ≈40%-53% at a power factor of ≈0.6 and has 
a torque density of 3 KN/m2 with total mass of 2 Kg. The maximum speed of the motor has 
been altered via switching different number of winding turns and reached a maximum speed 
of 650 rpm. The test machine shows to have a great development potential to be improved via 
shaping of stator poles, the room available for the windings, fill factor and more optimization 
possibilities.  
Since the stator is constructed in laminated structure and the laminations have been placed in 
perpendicular direction to the axial direction, eddy current losses due to the laminated 
structure are shown in comparison to Soft Magnetic Compsite (SMC) material. The 
mechanical difficulties throughout constructing the machine is shown, that includes bringing 
the PMs and the soft magnetic poles together, realisation of the required air gap and the 
placement of the armature windings. The influence of the non-magnetic housing has been 
studied and it is shown that the aluminium housing on the rotor has a negative impact on the 
output torque productivity. However, shifting the aluminium holding discs within a distance 
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away from the air gap will reduce their effects.  Geometric optimization studies of the design 
have been conducted and show that it can be applied to the construction to improve the output 
results.  
Based on the theoretical and experimental investigations, the operation of the segmented 
winding design of PM-TFM proves itself to work and to have a future for compact motors in 
industrial operation, or as in-wheel outer rotor motor for mobile platforms. For higher power 
applications, a machine with such type of stator should be designed with big diameters that 
will allow the utility of more PMs as well as more segments per phase, where both are 
involved in the torque production, i.e., more torque density for the segmented TFM. 
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Nomenclature 
Electrical, magnetic and mechanical symbols 
A Line current density, A/m 
Ag Air gap area, m2 
Agrid Area of grid placed in air gap, m2. 
ak Knee adjusting coefficient of material BH-curve. 
as Slope used in definition of resistivity of a material. 
ac Specifice electric loading in general format, Ampere⋅conductor per meter. 
acs Specifice electric loading in FCPM-TFM, Ampere⋅conductor per meter. 
acsl 
Specifice electric loading, ampere⋅conductor per meter in layered transverse 
flux machine. 
acss 
Specifice electric loading, ampere⋅conductor per meter in segmented 
transverse flux machine. 
APM Cross section area of PM (Perpendicular to direction of magnetisation), m2 
b, bl , bs Factors relate no-load flux in layered and segemented constructions.  
B Magnetic field density of soft magnetic material, Tesla. 
Bg Flux density in air gap, Tesla. 
Bg1 Fundamental harmonic of air gap flux density, Tesla 
( )polessteelgB →  Flux density in air gap when rotor poles are made of steel, Tesla. 
( )polesagB →ir  Flux density in air gap when rotor poles are replaced by air, Tesla. 
Bgmax , Bgmin Maximum and minimum values of air gap flux density, Tesla. 
Bo Central field of the saddle coil, Tesla. 
BPhase Flux density at the middle of the phase winding, Tesla. 
BPM Flux density of PM, Tesla. 
Br Remanence flux density of permanent magnet, Tesla. 
Br ,Bθ ,Bz Air gap flux density components in cylindrical coordinate system, Tesla. 
Bs Flux density in due to armature current, Tesla. 
C Ratio of flux density in air gap when rotor poles are made of steel to its 
corresponding value when they are replaced by air.  
cs An integer number of repeated reluctance in one magnetic path at aligned 
position. 
co Common factor between the no-load voltages in layered and segemented 
constructions based on number of turns. 
c1 Common factor between the no-load voltages in layered and segemented 
constructions based on slot dimensions. 
c2 Common factor between three-phase output power in layered and segemented 
constructions. 
dP Volume density of losses by Joule. 
ep The no-load voltage due to the movement over p- pole pitch segments 
ea Instantaneous induced no-load voltage of phase (a), Volt. 
e(t) Instantaneous induced no-load voltage, Volt. 
Ef RMS value of field voltage, Volt. 
Em Maximum value of induced back EMF, Volt. 
lmE  Maximum value of induced back EMF in layered TFM, Volt. 
sm
E  Maximum value of induced back EMF in segmented TFM, Volt. 
F Magnetomotive force, Ampere.turn. 
( )t,Fa aθ  Magnetomotive force of phase (a), Ampere⋅turn. 
( )t,Fb bθ  Magnetomotive force of phase (b), Ampere⋅turn. 
Nomenclature           xxiv 
( )t,Fc cθ  Magnetomotive force of phase (c), Ampere⋅turn. 
fc Frequency of carrier signal, Hz 
Fc MMF of PM, Ampere.turn 
fm Frequency of modulating signal, Hz 
Fn Resultant normal magnetic forces, N. 
FPM 
MMF of PM calculated from working point on PM demagentising curve, 
Ampere⋅turn. 
fr, fθ ,fz Force components in normal, tangential and axial directions, respectively, N/m2. 
fsh Tangential force density (shear stress),  (N/m2). 
LF
r
 
 Laplace’s force, N. 
Fn Normal force in transverse flux machine. 
Fnp Normal attractive force vector per pole . 
Fp Force of one pole pair. 
Ftp Component of tangential force per pole pair. 
Fz Resultant axial magnetic forces, N. 
H
r
 
Magnetic field intensity of non-meshed coil created by current distribution. 
H Magnetic field strength of soft magnetic material,   A⋅turn/m. 
Ha Magnetic field strength expressed by 
( )
s
r
ο J
1µ
HµH −=a , A⋅turn/m. 
Hcore Magnetic field strength in core, A/m 
∑
i
FeiFeilH  Magnetic drop in ferromagnetic parts in magnetic circuit (in stator and rotor). 
HPM Magnetic field intensity of PM, Ampere⋅turn/m. 
hi Internal half height of saddle coil. 
jH
r
 Magnetic field created by non-meshed coil. 
ia (t) Instantaneous armature current, Ampere. 
Ia RMS vlaue of armature current, Ampere. 
Id  Current in direct axis, Ampere. 
Ica Amplitude of carrier current waveform, Ampere. 
Iq Current in quadrature axis, Ampere. 
Im The peak value of armature current, Ampere. 
Ima Amplitude of modulating current waveform, Ampere. 
J Current density, A/mm2. 
J
r
 
Eddy current density, A/mm2. 
Jr Moment of inertia, kg.m2. 
Js Saturation level of a material, Tesla. 
K Constant determined by the material of wire (K = 234.5 for copper). 
KB Flux density factor and equals Arp/Asp. 
Ke , Ki 
Current waveforms factors, describes ratio of peak rms values of the 
waveforms. 
Kfill Fill factor. 
lK  fill , sK  fill  Fill factor in layered and segmented TFM, repectively. 
Kfille Fill factor is considered to angular space for the end winding. 
KM Flux concentrating factor. 
Kl Leakage flux factor. 
Ksat Saturation factor. 
Ksf Safety factor (3 for yachts, 8 for heavy commercial use). 
Ksl Slot factor accounts for space occupied by insulation of slot. 
Nomenclature           xxv 
Kst Yield strength in torsional shear in lb/in2. 
Kws Winding factor of stator winding. 
k1R Skin effect factor.  
lFei 
Mean length of flux path in soft magnetic parts in two pole pitch segment, 
meter.  
La(θ, ia) Phase inductance, Henry. 
Laa(θ, ia) Self phase (a) inductance, Henry. 
Lbb(θ, ia) Self phase (b) inductance, Henry. 
Lcc(θ, ia) Self phase (c) inductance, Henry. 
Lab(θ, ia) Mutual inductance between phase (a) and phase (b), Henry. 
Lac(θ, ia) Mutual inductance between phase (a) and phase (c), Henry. 
Ll 
Phase leakage inductance and is due to self flux linkage which does not cross 
the air gap, Henry. 
Lo 
Average component of self inductance due to self flux linkage crossing the air 
gap, Henry. 
L2 Magnitude of the second harmonic component, Henry. 
Ld  Inductance in direct axis, Henry. 
Lq  Inductance in quadrature axis, Henry. 
m Number of phases. 
mo Modulation index. 
nm Speed of rotor in revolution per minute, rpm. 
n Number of sectors per phase. 
Ns Number of series turns in winding. 
Np Number of parallel turns in winding. 
Nt Total number of turns of winding, Nt = stN × ptN . 
st
N   Number of turns in series. 
sltN  Number of series turns in layered winding. 
sst
N  Number of series turns in segmented winding. 
ptN  Number of parallel circuits. 
pltN  Number of parallel turns in layered winding. 
pst
N  Number of parallel turns in segmented winding. 
P Number of poles. 
p Number of pole pair. 
Pelm Electromagnetic power, Watt. 
Pin Input power, Watt. 
Plosses Total power losses in machine, Watt. 
Po-3ph  Three-phase output power, Watt. 
PPM Eddy current losses in PMs, Watt. 
PR Eddy current losses in rotor, Watt. 
Pshaft Power available on the shaft i.e., output power, Watt. 
PS Eddy current losses in stator, Watt. 
Ra Stator phase winding resistance, Ω. 
Rg Reluctance of air, 1/Henry. 
RHot Resistance of wire at the end of full load cycle, Ω. 
Ro Resistance of wire at room temperatue, Ω. 
RPM Reluctance of PM, 1/Henry. 
Rs Resistance of a stator phase, Ω. 
RSMM Reluctance of soft magnetic material parts, 1/Henry. 
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RTH Thermal resistance, (°C)/Watt 
T Torque, Nm. 
T
r
 
Electric vector potential. 
Tav Average interaction torque, Nm. 
)(Tcog θ  Cogging torque as a function of angular position, Nm. 
Td Default temperature set by the user 
Telm Electromagnetic torque, Nm. 
Tf Steady state temperature of winding after applying a load, (°C). 
To Room or initial temperature, (°C). 
Tshaft Torque available on the shaft, Nm. 
tTH Thermal time constant, minutes. 
)(T θ  Torque as a function of angular position, Nm. 
Xd Reactance of direct axis, Ω. 
Xq Reactance of quadrature axis, Ω. 
magW  Stored magentic energy, Joule. 
magW ′  Co-magentic energy, Joule. 
Va RMS value of phase voltage, Volt. 
Vm Amplitude of phase voltage, Volt. 
coggingΓ  Cogging torque, Nm. 
ninteractioΓ  Interaction torque, Nm. 
reluctanceΓ  Reluctance torque, Nm. 
mΓ  Electromagnetic torque, Nm. 
∆Pa Copper losses, Watt.  
∆PEddy Eddy current losses, Watt. 
∆PFe, 
∆PFeS,∆PFeR 
Core losses, core losses in stator and in rotor, respectively, Watt. 
∆Pfr Friction losses in bearings, Watt. 
∆Prot Rotational or mechanical losses, Watt. 
∆Pstr Stray or high frequency power losses in ferromagnetic materials, Watt. 
∆Pvent Ventilation losses, Watt. 
∆Pwind Windage losses, Watt. 
Θ2φ 
The effective mechanical phase span, without considering the end winding 
space in 2-phase winding with segmented winding. 
Θ2φ-F 
The effective mechanical phase span, without considering the end winding 
space in 2-phase winding for full winding segments. 
Θ2φ-S 
The effective mechanical phase span, without considering the end winding 
space in 2-phase winding for segmented winding.  
Θ3φ 
The effective mechanical phase span, without considering the end winding 
space in 3-phase winding. 
Φc Flux in core, weber 
Φg Flux in air gap, weber. 
Φm Maximum value of flux, weber. 
Φp Flux per pole in air gap, weber. 
ΦPM Flux of PM, weber. 
Φpt Peak value of flux linked one turn of the coil that spans over a two pole pitch 
segment. 
lpt
Φ  ,
spt
Φ  ptΦ  in layered and segmented constructions, respectively. 
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Φr, Φθ, Φz Flux components in air gap in cylindrical coordinate system, weber. 
Φt Flux linking a coil of one turn, weber. 
ltΦ , stΦ  
For one magnetic circuit (either top or bottom), are fluxes linking one turn  of 
the phase winding 
jH redφ
 
State variable for the non meshed coil. 
Ψ Opening angle of cylindrical part of saddle coil, (°). 
α    Total angle of saddle, (°). 
PMα  PM coverage coefficient. 
δ2φ-F1 Mechanical distance between the 2-phase stator phases for full winding arrangement from one side. 
δ2φ-F2 Mechanical distance between the 2-phase stator phases for full winding arrangement from other side. 
δ2φ-S Mechanical distance between the 2-phase stator phases for segmented winding arrangement. 
δ3φ Mechanical displacement between the stator phases for full winding arrangement. 
λt Total flux linkage of Nt-coil 
η Efficiency (%). 
aθ
 
Mechanical angles θa [ ]pp ττ−∈  represent any point in the air gap restricted 
for each phase by the interval [-τp τp]. 
bθ
 
Mechanical angles θb [ ]pp τ120τ120 +°−°∈  represent any point in the air gap 
restricted for each phase by the interval [-τp τp]. 
cθ  Mechanical angles θc [ ]pp τ240τ240 +°−°∈  represent any point in the air gap 
restricted for each phase by the interval [-τp τp]. 
θm  Rotor angular displacement, (°) 
θt Torque angle, (°). 
θ2φ Mechanical shift of 2-phase winding, (°). 
θ3φ Mechanical shift of 3-phase winding, (°). 
λ Phase flux linkage, weber⋅turn. 
λa(θ, ia) Phase flux linkage, weber⋅turn. 
λmPM Peak value of PM flux linkage, weber⋅turn. 
µ Magnetic permeability of a material. 
µo Magnetic permeability air, 4pi×10-7, H/m. 
µPM Magnetic permeability of PM, µo⋅µrPM. 
µr Relative magnetic permeability of PM. 
µrPM Relative recoil magnetic permeability of PM. 
ρo Initial resistivity of material, Ω. m. 
σ , 
οσ 20l , οσ 75l  
Conductivity, Conductivity at 20°C and 75°C, respectively, S/m. 
τp Pole pitch, meter.   
ϕ  Opening angle of straight part, (°). 
ω Angular speed in electrical degrees. 
ωm Rotor speed, radians/second. 
 
Geometric symbols 
Ac Area of one conductor, m2. 
Ag Area of air gap, meter. 
Asx , Asa Area of slot in axial and radial directions for one phase endturn, repectively 
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lsp
A  Area of stator pole in layered construction, m2. 
ssp
A  Area of stator pole in segmented construction, m2. 
c A positive integer that enables the phase span to cover a positive integer 
multiple of two pole pitches. 
D Diameter of saddle coil from inside, meter. 
Dg Air gap diameter, meter. 
dPM  Depth of PM for both SPM- and FCPM-TFM in axial direction, meter. 
Dshaft Diameter of shaft, inch. 
g' Equivalent air gap length, meter.  
Gr Mass of rotor, kg 
h An even number that will satisfy the limitation of qmax. 
ho Radial length of stator pole, meter.  
hss Height of stator slot, meter. 
hm Mean axial length of the saddle coil, meter. 
hPM Height of permanent magnet in direction of magnetisation, meter. 
Ksp  Percentage that one stator pole covers from one pole pitch. 
Kxp 
Ratio of how much stator pole covers from the rotor axial length for one 
magnetic circuit. 
l Length of straight part of saddle coil, meter. 
la Axial length of one phase of TFM, meter.  
lc Axial length of U-core, meter.   
lcore Mean length of core, m 
lcs Axial length between two stator slots in segemented TFM, meter.   
lg Air gap length that is in perpendicular direction to air gap surface, meter.   
lmc Mean length of coil, meter. 
lr  Total active axial length of one complete phase in layered construction, meter.   
lrl  Axial length of one phase in layered TFM construction. 
sr
l  Axial length of segmented TFM construction. 
ls Axial length of a stator pole in a radial air gap TFM or a radial length of a 
stator pole in an axial air gap TFM, meter   
lsp Axial length of a stator pole in U-core, meter.   
lt Mean length of one turn of the winding, meter. 
mI Mass of I-cores, kg. 
mr Mass of rotor, kg. 
ms Mass of stator, kg. 
mt Total mass of TFM, kg. 
mU Mass of U-cores, kg. 
q Rational number of the pole pitches for distance between the phases. 
qmax Maximum value of q 
qmin Minimum value of q 
Qs Number of stator pole pair repeated segments in one phase 
Rgap Radius of air gap, meter 
Ro Outer radius of winding, meter 
Ri Inner radius of winding including the slot insulation, meter 
R Inner radius of winding without considering slot insulation, meter 
Vg Volume of air gap, m3. 
Vs Total volume located for one end winding per phase, m3 
wPM Width of PM, in case of SPM, it is in tangential direction and for FCPM it is in 
radial direction, meter   
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wrp Width of rotor pole in tangential direction, meter. 
ws Circumferential width of stator pole of U-core, meter 
wss Width of stator slot, meter 
 
Abbreviations 
ABC, ACB  Three-phase sequence based on electrical angular angles, phase (a), phase (b) 
and phase (c) or phase (a), phase (c) and phase (b), respectively. 
AB′C′ Three-phase sequence on electrical angular angles, phase (a), phase (b) with 
swapped phase terminals, and phase (c) with swapped phase terminals. 
AL Aluminium. 
FC-pole Flux concentrating pole. 
FCPM- Flux concentrated permanent magnet. 
FE- Finite element. 
FEM Finite element method. 
LN Two phase sequence, line, neutral. 
LN′ Two phase sequence, line, neutral terminals swapped. 
MMF Magneto motive force. 
PM Permanent magnet. 
PWM Pulse width modulation 
RMS Root mean square. 
R-TFM Reluctance transverse flux machine 
SMC Soft magnetic composite. 
SPM- Surface permanent magnet. 
SVM Space vector modulation 
TFM Transverse flux machine. 
2D-, 3D- Two-, three-dimensional, respectively. 
Indices 
a Armature or phase (a). 
ad, aq Armature in d- or q-axis, respectively. 
al, alu Aluminium. 
f Field. 
h Hole. 
H Housing of the machine. 
l Layered construction or leakage. 
m Maximum value. 
rp Rotor pole. 
p Parallel or per pole. 
pm Permanent magnet. 
r Rotor. 
s Segmented, series or stator. 
ss Stator slot. 
w Winding. 
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1.1 Background and Motivation 
During the last century, electric motors have gained more attention as a target to replace the 
petrol engines, though the electric vehicles first came into existence in the mid-19th century. 
In comparison to petrol engine, electric motors have apparently many advantages, especially; 
they support the motto of ‘green world’ via suppressing the deterioration of air quality as well 
as the reduction of global warming in the view of the expected scarcity of the petroleum 
resources in the future. Moreover, electric motors have dominant property that it can utilize its 
full rated power at the short accelerating term and continuous rating too, which is an 
important requirement in traction applications, whereas this feature fails in the petrol engine.  
Normally, a traction motor has two operation regions, i.e., a base speed region, where the 
motor delivers a constant torque; and a high speed region, where the motor moves with a 
speed higher than  the base speed and has a constant power. In the first region, the flux is kept 
constant and the voltage increased with the speed, while in the second region the voltage is 
kept constant and the flux is weakened. Although 11 kW electric motor is able to replace 30 
kW petrol engine for almost the same performance, the battery life still adds some limitations 
for utilization of electric motors for long distances [K5], [E1].  
Different types of DC and AC electric motors have been recognized to have considerable 
potential for battery-powered vehicles and electric driven platforms such as wheelchairs and 
forklift trucks. Starting with the commutator DC motors including winding- and PM- excited 
types, the main drawback of DC motors is their maintenance requirements and specifically, in 
case of winding excited ones, the low specific power density. Despite these disadvantages, 
DC motors have long been prominent in electric propulsion drives. This is because of the 
maturity of technological construction design and the simplicity of their control systems.  
In recent years, commutatorless motors are becoming more attractive owing to their higher 
power density, higher efficiency and the relatively maintenance-free operation. However, 
induction machines using field oriented control have low efficiencies at low light loads and 
limited constant power operation range.  PM synchronous machines, which are fed by DC 
current, have been accepted as having great potential to compete with induction motors in 
electric vehicles. PM brushless DC motors, which are basically, AC motors fed by rectangular 
AC current, are capable to produce a large torque due to the rectangular interaction between 
the current and flux. The increase of the electric loading in these motors, leads to higher 
power density.    Via utilization of rotor saliency in the absence of the PMs and field 
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windings, synchronous reluctance machines occur to be simple and inexpensive, though they 
are of relative low output power. Switched reluctance machine features simple construction, 
but this does not imply simplicity in the design and control.  
In spite of the high power densities of transverse flux machines (TFM), which are direct 
derivatives of synchronous machines, no industrial application found for them in mobile 
platforms. The reason behind this is the complexity of their construction and control. In fact, 
they are still in their immature stage. The work presented in this thesis provides how to extract 
relatively a new design of a transverse flux machine from the traditional constructions and put 
it into a compact configuration attaining the maximum achievable force density for a range of 
current densities, to be a good candidate as an AC propulsion motor for low speed mobile 
platform. In order to demonstrate the practical significance of the research work and to 
validate the basic idea of the new design a low scaled test machine has been constructed and 
tested. 
1.2 Electric Machines for In-Wheel Applications 
Designing and developing more efficient and reliable electric motors that are directly 
mounted inside the wheels as so-called in-wheel or hub motors or directly coupled to the 
wheel shaft, is becoming a target of electric vehicle and mobile platforms researchers. The in-
wheel motor itself is mainly considered to have a higher efficiency compared to the 
conventional motor due to the riddance of transmission, drive shafts, differential gears or 
other complex mechanical components. Moreover, integrating motors into the wheels will 
improve the vehicle stability since each wheel will be driven independently and such 
integration save as well masses of space and weight, which offer improvement possibilities in 
terms of the body design of the moving platform. However, the speed of hub motors would be 
much lower than that of its geared correspondence and this would require the designer to aim 
for much higher power-to-weight ratios.  
In the literature review, different types of electric motors have already been designed and 
optimized for in-wheel applications. Some of them are designed for high speed applications, 
e.g. electric vehicles and others for low speed employments such as small passenger electric 
cars [Y2], [R2], [C6]. An axial flux in-wheel PM motor for solar-powered electric vehicle has 
been designed in order to produce 1800 W at mean speed of 1060 RPM and with peak torque 
of 50.2 Nm [L7]. An optimal design of an axial-flux permanent magnet (PM) brushless dc 
motor that is suitable for direct-driven wheel applications appears in [Y3]. The motor serves a 
low rated speed of 500 RPM for a rated torque of 30 Nm. A salient pole axial-gap PM motor 
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has been patented for in-wheel applications, which applied to a direct coupling type drum 
washing machine in [L3].  
Various comparison surveys of merits and demerits have been already reported the types of 
electric motors that are suitable for electric vehicle (EV). Induction motor drives are for 
example preferred for electric vehicle propulsion purpose in [C5]. Alternatively, permanent 
magnet brushless DC motor featured compactness, low weight and high efficiency. DC, 
induction, permanent magnet synchronous, switched reluctance and brushless DC are 
compared in [H3] and it is concluded that among these motors, PM and brushless DC motors 
are attractive choice for electric vehicle applications. 
Different compact constructions of different electric motors, such as synchronous, PM and 
switched reluctance motors, of relatively high torque density and achieving improvements on 
the overall efficiency of the electric vehicle are constructed in [T1], [O3], [W7] and still there 
are more electric motor design optimization schemes appearing in electric vehicle research.  
Permanent magnet transverse flux machine, PM-TFM is claimed to exhibit a higher torque 
density compared to induction motor, switched reluctance motor, brushless DC motor and 
normal PM synchronous motor. That is the reason that they have received wide attention from 
the electric vehicle research during the last decade. The main attractive characteristic of TFM 
is its high torque density capability at low speeds. In TFM, the flux enters segments of stator 
core in transverse i.e., perpendicular to the direction of rotor movement in the cross section 
plane, therefore, it is called transverse flux machine. However, PM-TFM suffers from high 
cogging torque which leads to large torque ripples, as well as complicated configuration and 
hence high manufacturing cost. Therefore, new different constructions under research 
undergo optimization design algorithms such as Taguchi approach [L5] to minimize such 
problems.  
The incorporation of TFM as an in-wheel motor has become more in focus from the 
researchers as more sophisticated development of high speed power electronic devices came 
to the market. Many researchers are currently involved in the design of PM-TFM based 
propulsion systems [M7]. A 3-phase TFM with Soft Magnetic Composite (SMC) materials is 
designed to work as an outer rotor of rated torque 3.67 Nm and at high rated speed of 1800 
RPM [G15]. A prototype of transverse flux permanent magnet motor wheel drive is reported 
in Italy [D2], where increase in total torque is achieved through implementing an optimized 
C-form arrangement. A detailed design criteria have been exploited in [D1] to propose a new 
configuration approach that improves the torque of PM-TFM with flux concentating topology 
in order to achieve a compact structure. Two-phase in-wheel TFM has been designed based 
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on flux concentrated topology for a lawn mower of a low transport speed of 143 RPM and a 
nominal torque of 150 Nm. Only one phase has been constructed of this machine under this 
Ph.D. research [L8].  
In industry, many companies are producing in-wheel motors, such as PERM MOTOR GmbH 
and Heinzmann GmbH in Germany that focus its production on brushless DC motors with 
wheel hub mounting, PRINTED MOTOR WORKS Limited, PMW in England, which supply 
in-wheel motors for automotive, aerospace and marine applications and Golden Motors in 
USA for Automotive applications. Figure 1.1 illustrates the main classifications for battery 
powered electric vehicle categories and Table 1.1 shows some of the companies and the main 
types of the motors they produce as in-wheel/traction motors with their main specifications. 
Self-balancing scooters, like the Segway are usually equipped with two brushless servo 
motors, each have power range from 200 to 500 Watt. Figure 1.2 shows some of applications 
for in-wheel motors [H6]. In-wheel motors are widely attractive to car industry too, where 
cars are produced that move with direct drive technology. Figure 1.3 shows types of motors 
that have already been incorporated as in-wheel motor in car industry [E1].  
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Figure 1.1: Classification of battery-powered electrical vehicles  
 
Country Manufacturer Type of Motor Ratings Applications 
 
Germany 
 
HEINZMANN-
PERM Motor 
 
Brushless DC 
150 W, 11.5 Nm, 125 rpm 
24 V, 7.2 A Traction drive 
130 W, 15.5 Nm, 80 rpm 
24 V, 8.1 A Wheel chair 
England 
 
PRINTED 
MOTOR 
WORKS Limited 
 
Brushless DC 
1.2kW, 25 Nm, 450 rpm 
36 V, 48 A 
Automotive 
applications 
23.4 kW, 203 Nm 
1100 rpm 
135 V, 214 A 
47 kW, 753 Nm, 600 rpm 
300 V, 250 A 
USA 
 
Golden Motor 
USA 
 
Brushless DC 
5KW-10KW 
2000-6000 rpm 
100A-300A 
Electric car, 
motorcycle, 
tricycle, golf 
carts, forklift 
China 
 
Golden Motor 
Technology Co. 
 
Brushless DC 
 
128W, 2.68 Nm, 450 rpm 
36V, 7A 
 
Electric bike, 
scooter 
Japan NTN Corperation Axial gap PM Synchronous 
20kW, 490 Nm 
15000 rpm, 150V Electric car 
Korea Komotek Co. PM Synchronous 
10 kW, 63.3 Nm 
1500 rpm, 240 Vdc, 45.5 A 
Autonomous 
robot 
Table 1.1: Manufacturers of in-wheel/traction motors 
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Figure 1.2: Applications of in-wheel motors  
 
 
Figure 1.3: In-wheel motors in heavy electric vehicle applications  
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1.3 Transverse Flux Concept in Electric Machines 
The stator core orientation will decide if the machine is longitudinal or transverse.  The stator 
core carries the flux around the stator winding in order to create an electromagnetic force in 
the winding. The air gap flux can be transported to the core in two ways, either in a direction 
parallel to or perpendicular to the direction of the motion. In the first case, the machine is said 
to be longitudinal and in the second case, the machine is transverse. There are many aspects to 
distinguish between the two stators. The current loading for instance, which is the ratio of the 
total current to the pole pitch, shows different response in the two configurations.  The current 
loading in the longitudinal machine does not vary much with the decrease of pole pitch for a 
given current density and tooth width, since the pole pitch and the space of the copper 
conductors are of interconnected relationship. Whereas in conventional transverse flux 
machine; the space available for conductors is independent of the pole pitch value. Therefore, 
if the pole pitch in TFM is reduced, the electric loading may remain the same or even 
increase, in other words, the electrical and magnetic circuits are seen in the transverse 
orientation to be decoupled [L1], [D5]. 
 
 
        
 
 
 
 
  
Figure 1.4: Comparison of transverse to longitudinal flux concept 
 
Direction of air gap 
Direction of flux in core 
Direction of rotation 
Axis of rotation 
PMs 
Flux is transported in transverse planes 
Stator 
U-cores 
Back core 
Ring coil 
One phase  
of PM-TFM 
Radial air gap 
Flux transported in stator 
core in radial planes 
Slots 
Half axial length 
of 3-phase PM 
radial flux 
machine 
Axis of rotation 
PMs  
Stator Inner rotor 
Direction of air gap 
Direction of flux in core 
Direction of rotation 
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Figure 1.5: Iso arrows in simulated transverse and longitudinal flux machines 
 
The concept of the transverse flux is illustrated in Figure 1.4 in comparison to a longitudinal 
concept for a simple three-phase, 8-pole permanent magnet synchronous motor with 
distributed stator windings and inner rotor [F2]. In fact, transverse flux machine is a special 
kind of PM synchronous machine with a high number of poles. As the coil cross section and 
magnetic flux cross section lie in perpendicular planes, transversal arrangement, the coil cross 
section can be increased without influencing the magnetic flux path, in contrary to 
longitudinal electric machines [N1]. 
In the simple construction of TFM shown previously, the useful flux around the stator coil is 
generated from only half of the PMs that are used to produce the output torque, mainly those 
which are facing the stator poles, however the flux of the other PMs does not enter the stator 
core, i.e., it either leaks towards the next magnet or exchange flux through air. In longitudinal 
PM machine, all the PMs contribute in the production of electromagnetic force in the 
windings. Thus, through such simple construction of TFM, a reduction of no-load flux density 
in stator core will occur and therefore the no-load voltage. Figure 1.5 illustrates the flux 
density distribution at no-load in the two machines at the aligned position, where the PMs of 
the rotor are facing the stator poles. At this location, the maximum flux linkage will occur that 
link the turns of the phase winding as well as the miniumum value of no-load induced voltage 
will show up at this position. When the rotor moves to a location, where the stator pole placed 
over two equal areas of the PMs, i.e., at so-called unaligned position, the flux lines will 
weaken each other and no effective flux at no-load will pass through the U- core elements. In  
PM facing 
stator pole  
Radial flux paths 
in stator core 
Transverse flux 
paths in stator core 
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order to get maximum torque from motor operation, the peak value of the phase current 
should be injected at the same position, where the induced voltage is at maximum level, i.e., 
at the unaligned position.   There are other topologies of TFM and constructions, which have 
improved the utilization of the flux produced by the PMs as it will be shown in the next 
section. 
Nowadays, there exists an attractive alternative to longitudinal radial flux PM machine, 
known as disc-type machine, which is an axial-flux permanent magnet (AFPM). In fact, PM-
TFM can also be described as an axial flux permanent magnet machine (AFPM), though the 
term AFPM is some references restricted to disc type rotors, known as pancake motors. A 
prototype of AFPM is demonstrated and examined for solar-powered in-wheel motor in [L7], 
where an axial field air gap winding is utilized. In comparison with conventional radial-flux 
permanent magnet machines (RFPM), AFPM show better exploitation of a higher percentage 
of stator winding for torque production [C1], [S11]. Several AFPM wheel motors designed for 
electric cars are compared in [Z2] and multi-stage AFPM constructed in [C2], and concluded 
that machines of interior PM give the best compromise in terms of power density, efficiency, 
compactness, less active material mass and long-term overload capability characteristics. The 
torque capability of the AFPM is a function of cube of the diameter, where the torque in 
RFPM is proportional to square of the diameter times the length [G5]. 
1.4 Topologies of Transverse Flux Machine 
In general, PM-TFMs can be classified into two well-known categories, based on the PM 
orientation with respect to the air gap. The PM magnetization has a direction, which can either 
be parallel or perpendicular to a vector normal to the surface of the air gap. Simply, in the first 
case, the PMs are surface mounted and called surface permanent magnet, SPM-TFM; while in 
the second case, PMs are mounted in a manner to increase the air gap flux and/or flux density,  
 
 
 
 
 
 
 
 
(a)        (b) 
Figure 1.6: Main classifications of permanent magnet transverse flux machine (PM-TFM)              
(a) SPM-TFM  (b) FCPM-TFM 
Pτ
PMω
Pτ hPM 
hPM 
Flux concentration 
only in air gap 
Permenat 
magnets 
Soft magnetic 
U-core 
Soft magnetic rotor core 
Pole of big area 
 to avoid saturation 
Soft magnetic 
twisted U-core 
Stator Stator 
Rotor 
pole 
Stator 
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where the flux of two adjacent PMs are added to supply a larger flux to the soft iron poles; 
and therefore called flux concentrated permanent magnet, FCPM-TFM.  However, 
combination of surface mounted with flux concentrated arrangement does not appear in the 
literature review. Moreover, there exists another type, which is called reluctance TFM, R-
TFM, which has no PMs and is relatively of the smallest torque density compared to the 
previous mentioned two types.  
In SPM-TFM, where the PMs are radially magnetized with alternating polarities, they are 
mounted on the rotor surface near each other on a core of soft magnetic material. Such motors 
behave as non-salient synchronous motors, since the permeability of PMs is similar to that of 
air. On the other hand, FCPM-TFM has PMs, which are circumferentially magnetized with 
alternative polarities too and their flux is concentrated via soft magnetic poles placed between 
the PMs. By setting the magnets inside the magnetic circuit of the rotor, the saliency causes 
an additional component to the torque, i.e., reluctance torque, which facilitates a wider speed 
range at constant power operation. Thus, the total output torque in SPM-TFM has two 
components, opposing cogging and interaction torque components, while in FCPM-TFM, the 
components of torque will be increased to three components, including the supportive 
reluctance component. In FCPM-TFM, the flux density in the air gap is increased more than 
the residual flux density of the PM, Br, while in SPM-TFM; the maximum flux density in the 
magnetic circuit is Br. Figure 1.6 shows the main categories of the PM-TFM at the aligned 
position [S8].  
Figure 1.7 summarizes different constructions that are based on surface PM approach. The 
constructions are shown for one phase illustration as outer rotor designs with ring armature 
coils. Figure 1.7(a) shows the simplest SPM-TFM with U-shaped stator cores as already 
described in Section 1.3. Figure 1.7(b) shows SPM-TFM with U-shaped and I-shaped stator 
cores and splitted rotor core. The U- and I- shaped cores are of soft magnetic materials, as 
well as the core elements in the rotor. With the introduction of I-cores, all the four PMs in a 
region of a two pole pitch will contribute in the useful flux productivity, in contrast to the first 
construction.  Double-sided i.e., double air gap surfaces, with inclined U-shaped and inclined 
I-shaped cores are shown in Figure 1.7(c), where each phase has two ring coils of different 
diameters and iron-less rotor [B2]. Such construction is usually difficult to manufacture, 
however double sided TFM configurations are of highest output torque compared to single 
sided constructions due to the availability of the double effective air gap area. The inclination 
of the I-shaped cores has significant effect in reduction of the leakage flux, moreover the cut 
at the corners of the U-cores will add economical utilization of the soft magnetic material, 
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especially the flux lines will not pass through the sharp corners. Figure 1.7(d) shows twisted 
U-shaped stator core with PMs of axial lengths that equal the rotor core.  Although this 
construction looks easy from the mechanical configuration, not all the PMs areas will be 
utilized, which is considered as a waste of the hard magnetic material. Normally, the 
designers optimize the stator construction to get optimum output torque, while the rotor shape 
remains unchanged in most of the new designs.  
Generally, the orientation of air gap in TFM can be radial or/and axial and that can be 
determined via placing a normal vector on the air gap surface. If the normal vector 
perpendicular to the axis of rotation, then the TFM has a radial air gap, and if the normal 
vector is parallel to the axis of the rotation, then TFM has axial air gap. SPM-TFMs appear in 
literature review with only radial air gaps. Although TFMs with internal stators have higher 
torque density and feature relative simplicity in assembling the winding and the stator cores, 
the heat transfer conditions are worse than those with external stators [G6].  
 
 
 
 
 
 
 
 
 
 
   
(a)                   (b) 
 
 
 
 
 
 
 
 
 
  (c)                   (d) 
Figure 1.7: Constructions of SPM-TFM                                                                                    
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FCPM-TFMs can have radial, axial or simultaneously radial and axial air gaps, as appear in 
[W8]. Figure 1.8 shows how to realize a FCPM-TFM with radial air gap into an axial air gap 
variant, where both the TFMs have passive rotors i.e., without PMs or winding. In order to 
achieve this conversion, the FCPM-TFM has been switched from single sided to double sided 
design, where in the later configuration the rotor will be sandwiched by the stator poles from 
two sides and in the former design the stator faces the rotor from only one side. The flux 
concentrating in both designs has been achieved via utilizing inclined shaped for the U-cores 
and PMs too. Ordering PMs with such forms will add to the cost of the machine. The inclined 
U-shaped and PMs in Figure 1.8(b) are of bigger sizes compared to Figure 1.8(a) to be able to 
enclose the phase winding and back elements.  
Figure 1.9 shows the flux concentration topology in PM-TFMs for different constructions 
with radial air gaps. Figure 1.9(a) and Figure 1.9(b) show FCPM-TFM with stator of U-cores 
and inclined I-cores. The U-cores of Figure 1.9(b) are extended from both sides in axial 
direction, through which the leakage flux will be reduced and more turns of the winding can 
be used. Twisted stator U-cores are implemented in FCPM-TFM as shown in Figure 1.9(c) 
and Figure 1.8(d). The four constructions in Figure 1.9 are single-sided constructions. FCPM-
TFMs with double-sided are shown in Figure 1.10 and Figure 1.11.  FCPM-TFMs with axial 
air gaps are shown in Figure 1.10, where the rotor is sandwiched by stator U-cores. 
 
            
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)             (b) 
Figure 1.8: Realisation of radial into axial air gap in FCPM-TFM (with passive rotors)  
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Figure 1.11 displays constructions of FCPM-TFM with both axial and radial air gaps. 
Constructions of FCPM-TFM with two ring coils per phase appear in Figure 1.12. In order to 
match direction of the flux coming from the PMs with the armature flux, the armature 
currents flowing in the two ring coils are set of supportive directions and connected in series. 
FCPM-TFMs that are shown in Figure 1.12(a) and Figure 1.12(b) have radial air gaps, where 
Figure 1.12(c) and Figure 1.12(d) show configurations of FCPM-TFM with axial air gaps. 
TFMs can be constructed with more than two coils per phase, for instance, four coils per 
phase as shown in a German patent in [G10]. 
Due to the expected rear source of the PM material in the recent future and because of the 
increase in the cost of the PMs, the reluctance types of TFMs (R-TFM) is expected to replace 
PM-machines as hub motors. The torque in R-TFM is produced by the tendency of the 
moveable part to reach a position where the inductance or the flux linkage of the stator 
winding is maximized. 
                (a)           (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                (c)           (d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.9: Constructions of single sided FCPM-TFM (with radial air gaps)                           
(PMs are magnetized in direction of circumference) 
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Figure 1.10: Constructions of double sided FCPM-TFM (with axial air gaps)                           
(PMs are magnetized in direction of circumference) 
           (a)            (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.11: Constructions of FCPM-TFM (with axial and radial air gaps)                                
(PMs are magnetized in direction of circumference) 
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In order to achieve high torque density, this type of TFM requires high currents and is 
normally, constructed in big diameters. Figure 1.13 shows several configurations for R-TFM, 
where the permanent magnets are not used. The flux in R-TFM has a 3D pattern as in SPM-
TFM and FCPM-TFM and the core saturation has a significant impact on the motor’s 
operation, where the heavy saturation of pole tips and the fringe effect of pole and slots cause 
the design and control subtle and difficult [E1]. Whereas SPM-TFM and FCPM-TFM require 
at least two phases as those constructed with FC- topology in [G11], [G14], [W8], the 
reluctance type of TFM requires at least three phases to be set in operation and is of the 
smallest output torque among the TFMs. U-shaped cores are normally used in R-TFMs or 
modified U-shaped cores that appear as it is called claw poles as shown in Figure 1.13(b).  
Although the main configurations of PM-TFMs are categorized in SPM-TFM and FCPM-
TFM based on the direction of magnetization of the PMs, in radial or tangential directions, 
respectively, TFMs with axially magnetized PMs appear in Figure 1.14.  
               (a)            (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
               (c)              (d)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.12: Constructions of FCPM-TFM with two ring coils  
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      (a)                                                                       (b) 
 
 
 
 
 
 
 
 
 
 
Figure 1.13: Different constructions of R-TFM (without PMs) 
This type has been patented for Robert Bosch GmbH for low power operation via 
incorporating the stepper motor principle in the transverse flux concept to obtain unipolar 
TFM. This type has been patented for Robert Bosch GmbH for low power operation via 
incorporating the stepper motor principle in the transverse flux concept to obtain unipolar 
TFM [K7].  In this so-called hybrid transverse flux machine, the axially magnetized PM is 
constructed as a ring and embraced by two rotor core discs; and the stator U-cores carry the 
transverse flux. The machine has been constructed with inner rotor of 32 poles with axial 
length of 20 mm per phase and has a total diameter of ≈89.60 mm. The air gap of this small 
motor is 0.3 mm. The amount of torque recorded is ≈0.082 Nm at 400 rpm. 
TFM is considered as a multi-pole machine, in which the calculation of the magnetic forces 
on the total machine is reduced to the calculation of forces on only one pole pair instead of the 
complete machine.  This allows much lower computation time, especially if 3D finite element 
computation is required.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.14: TFM with axially magnetized PM ring 
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In electrical machines with radial air gaps, like in some of TFMs, the forces are spread around 
the circumference. Although the exact force distribution may be difficult to predict, it is 
reasonable to expect all pole pairs of a symmetrical machine to give a same total force per 
pole pair.Since the force vector can be separated into a component of tangential force per pole 
pair, Ftp, and a component of attractive normal force per pole, Fnp, the total tangential force 
can be written as the product of the pole pair number times Ftp.  
To illustrate the idea, a cross section of one phase of the simplest construction of a SPM-TFM 
is done as shown in Figure 1.15, where the transverse flux is realized on the stator U-core 
element of a two pole pitch segment. Note that the cross section plane is perpendicular to the 
transverse flux plane. The single phase winding is supplied by a current that can be 
rectangular or sinusoidal; and the force distribution in the cross section plane is as shown in 
Figure 1.16 for an instant of time and position. For this illustration, each PM is modelled as 
electrically excited ring coil for simplification purpose. Simply calculated, the output torque 
will be the product of the total tangential force vector times the air gap radius, Rgap. Since the 
produced torque waveform of one phase has zero-crossing points, it is unfeasible to set a 
single phase TFM in operation. This implies that TFM requires more than one phase to turn. 
The normal force vector, Fnp will contribute, in addition to the ripple in the average torque 
waveform, to the noise in TFM. No effective methods for minimizing the normal forces 
appear in the literature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.15: Cross section in a multi-pole SPM-TFM  
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Figure 1.16: Force vectors in a cross section of one phase of multi-pole SPM-TFM  
 
1.5 Assessment of Outer Rotor TFM as In-wheel Motor 
The proposed electric motor should be powerful enough to satisfy the traction requirements. 
The main requirements that must be fulfilled to enable the widespread use of the motor for its 
applications: 
1. The motor should be small and lightweight. 
2. High economical efficiency. 
3. Easy to be operated from commercial converters. 
4. Must be used under various conditions and humidity. 
5. Durable and easy to maintain. 
6. Regenerative braking. 
7. Low noise. 
8. Low cost.  
The nominal kilowatt rating for traction drive motors is usually related to a one-hour 
operating period plus an overload of 200% full-load torque for a period in the order of 5 
minutes, with temperature of the windings remaining within the limits prescribed in the 
relevant standards for the insulation system. For a given peak power requirement there exists 
a range of possible voltages, which would provide for a satisfactory battery pack. However, 
safety requirements tend to limit the maximum voltage, where a sort of compromise is 
Torque/phase = Rgap·p·Ftp 
Fp: Force of one pole pair  
Fnp: Normal force component of one pole pair 
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required. The nominal voltages most used in low power traction systems are 12, 24, 36, 48, 72 
and 80 Volt. High voltages of several hundreds of volts are possible in road vehicles, such as 
buses and passengers cars.  Wheelchairs normally operate on 24 Volt systems, while most 
golf carts and similar vehicles operate on 36 or 48 Volt. Within the sphere of industrial 
electric trucks, the trend is towards high voltage drive systems. Forklift trucks normally 
operate on 48 or 72 Volt systems. Some rider operated trucks and most pedestrian operated 
trucks operate on lower voltages than 48 Volt.  One of the most important factors in designing 
battery-operated vehicle is the system efficiency, which implies the losses. For example, one 
kilowatt of lost of energy requires the carriage of an additional lead-acid battery weight of 
some 25 to 30 kg. It is expected that there would be a reduction in power losses of about 10 to 
15% when a truck changed from 24 to 36 Volt [K5].  
Generally speaking, the mechanical aspects of direct drive employing electric machine are 
improved over conventional geared drive design. These include, firstly, the elimination of the 
transmission errors, such as backlash, belt stretch or gear toothed error. Secondly, the low 
maintenance, since coupling between the wheel and the motor requires no transmission gears, 
however, the bearing are the only wearing component. Thirdly, as in direct drive systems, the 
load inertia can be many times greater than the motor inertia; this implies that the mechanical 
resonance will be drastically eliminated. And last, placing the motor inside the wheel will 
reduce the current during the phases of starting and acceleration. However, the advantages 
offered by direct drive systems are offset by certain disadvantages; due to lack of transmission 
components, they must provide more torque at lower speed in comparison to geared drive. 
That requires more expensive magnetic material, higher number of poles, high current 
carrying coils that requires the construction to be in large diameters. An important topic that 
should be considered is the low torque level during short circuit condition in the motor, which 
adds a significant attention to the safety requirements of the moving vehicle and that will 
allow as well enough time for the vehicle to stop.  These characteristics are found inherent in 
PM-TFM rather than the longitudinal versions. It should be pointed out that direct drives are 
much more expensive compared to traditional transmission systems.  
As TFMs are considered to be one of high noise PM-machines, attention turned to the 
mechanical structure of the motors, their vibration properties and their effect on noise 
generation. Normally, as the weight and dimensions of the machine parts decreased, the noise 
of electrical machines increased [T3]. The mechanical vibration, which can by no means be 
separated from the noise of the machine, manifests itself in many ways. Vibration means 
permanent deformations of the machine, hence reduction of lifetime. Therefore, as a machine 
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designer, the source of the noise should be taken into consideration, in terms of reduction of 
the ripple in the average torque waveform, although the programmable current controllers 
playing nowadays a positive and promising role in improving the sound level in the 
electronically controlled electric machines by providing the required shaped current 
waveforms useful for smooth operation. 
The operation of the rotating PM-TFMs requires synchronization of the relative rotor magnet 
and stator winding positions to the current provided by the drive, which means it requires a 
rotary encoder. Maximum torque results if the current is applied to the windings when the 
rotor magnets are in a particular position range relative to the stator windings. The motor may 
not turn with its maximum torque or not revolve at all if this timing is not correctly adjusted. 
Improper encoder alignment on the motor may cause it to run backwards and forwards in an 
instable movement, sometimes resulting in a hazardous run away condition. Correct 
alignment is essential to proper operation of these motors. The incremental rotary encoders 
are mostly used to track the position of the motor shaft. They can be either mechanical or 
optical. The optical provides high degree of precision, particularly useful, for high speed 
rotors [W9]. A variation of the incremental encoder is the sine wave encoder, which has been 
utilized in the constructed machine. 
1.6 Scope of the Thesis 
The thesis deals with the design of a compact small flux concentrated permanent magnet 
transverse flux machine (FCPM-TFM) suitable for direct drive applications. A new design has 
been achieved after re-designing and evaluation of several available constructions of PM-
TFMs. The design has incorporated several optimization combinations and is compared to a 
conventional configuration of PM-TFM to assure its compatibility of providing a competitive 
torque density. The test machine is constructed in a small-scaled size to prove its workable 
performance. 
The thesis is organized into six chapters. Following this introduction, Chapter 2 reviews and 
critically assesses various PM-TFM topologies, which may be suitable for traction 
applications. In order to get the most suitable construction design, a comparison study is 
carried out that evaluates the output productivity of several constructions, which are designed 
with the same design parameters, e.g. axial length, diameter and number of poles. The 
comparison has been constrained to surface PM and flux concentrated transverse flux 
machine topologies. 
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The basic idea of the design is presented in Chapter 3, where the mathematical modelling is 
explained and the limitations of the design are shown as well. The designs are divided into 
two full phase structure and split phase structure and are both applied for TFM with surface 
PMs and flux concentrated constructions. In the same chapter theoretical comparisons studies 
through finite element analysis are carried out, a comparison between full and segmented 
structure, new and a conventional construction and a comparison using laminated or soft 
magnetic composite (SMC) constructed stator. The study has covered both topologies for two- 
and three-phase machines. The proper choice of the number of PMs is becoming more 
restricted than in case of unsplitted phase case. Therefore, tables of possible constructions are 
derived and shown in Appendix C to provide the designer of the possible constructions that 
can be achieved within a specified number of stator phase segments and PMs. 
The distribution of the normal forces has been studied as well in this chapter. The magnetic 
field in transverse flux machine is of 3D-pattern; therefore it is normally recommended that 
soft composite material (SMC) to be used instead of laminations, especially if the orientation 
of the laminations will not coop with the direction of the flux lines. Thus, comparison study 
has been conducted to investigate the influence of the direction of the laminations on the 
output performance, when the laminations are utilized instead of a material that allows flow of 
3D-magnetic fields 
In chapter 4, the small-scaled test motor is demonstrated, where the main parts are illustrated 
and their optimization effects are shown. This includes the rotor with its components; 
permanent magnets type and shape, rotor poles and the stator construction with laminations. A 
practical idea for the stator construction with SMC material, which facilitates the placement 
of the windings, will be shown as well under this chapter. The stator three-phase winding 
description and dimensional parameters study are shown. The mechanical part of the motor, 
including the mounting layers which contributes to the motor aluminium casing, shaft and 
selection of the bearings are explained. In order to obtain a relatively good design, a 
geometric parameter study should be done. Therefore, optimization study is done in target to 
get the maximum output torque. 
Chapter 5 shows the experimental setup, through which the rating of the machine is estimated 
that includes the output power, torque, power factor, maximum speed and efficiency. The 
performance of the machine has been investigated in generator and motor operations, through 
studying the induced voltage, current waveforms and the torque signals, respectively. Besides 
measurements of the TFM parameters, the nature of magnetic field in the test machine is 
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verified in the course of starting on-line principle. The discussions and conclusions of the 
presented work and recommendation of further investigations are given in Chapter 6. 
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Chapter 2: State of Technology 
Most of PM-TFMs from different topologies that have been studied and constructed utilized 
armature excitation via ring coils, which will force the phases to be axially placed in a layered 
multi-phase manner. By introducing symmetric cores that are placed around the 
circumference of the machine, a significant effect in the compactness of the construction will 
be achieved without sacrificing torque or power and a considerable reduction in cost will be 
achieved too. Although the first TFM with ring coils has been patented in 1890 for W.M. 
Morday [M8] and later most of the research has been done during the eighties and the 
beginning of the nineties of the last century through Prof. Weh at Technical University of 
Braunschweig in Germany [W4]-[W6], the initial idea of segmented TFM has been patented 
as an international patent in 2001 [G3], where it is called poly phase TFM DC motor. A 
hybrid transverse flux machine appears in 2001 [K6], which is patented for a small size two-
phase PM-TFM with permanent magnets that are axially magnetized, where the idea of hybrid 
stepper motor is being implemented in the construction [K7]. However, no thorough study or 
design improving investigations have been carried out. In fact, a similar segmented stator 
configuration has been formerly shown in a UK patent [O4], however, for a stepper motor in 
1980.  PM-TFM with sector-wise three-phase winding structure, where each phase winding 
has three end turns appearing in more than one reference. An Example appears in [A5] for 
SPM-TFM with inner rotor. Although the power factor is stated to be improved to 0.7 with 
the existence of three end turns; the torque density is reduced.  Other patents show FCPM-
TFM with segmented stators with three end turns per phase winding too, found in European 
patent application in 2006 for outer rotor [K2] as well as in USA patent [K3] in 2008 for inner 
rotor.  
Through the use of segmented multi-pair cores, unbalanced magnetic force in PM-TFM can 
be effectively eliminated [W2]. Recently, a multiphase PM-TFM has been proposed, which 
can effectively reduce the cogging torque through optimizing the teeth-slot configuration of 
the stator, however, the problem of complicated construction is still unsolved [J4]. A two-
phase TFM with one segment per phase has been developed with unequal distances between 
the phases in [C4] for in-wheel drive. Another multiphase PM-TFM design has been 
constructed in [B1], [B3] for 5MW wind generator applications, where each phase has been 
divided into four symmetrical parts. The actual design was constructed as a down scaled 
prototype to verify the principle of operation.  
For in-wheel applications, PM-TFM appears not to get good attention from the industrial 
market. In research, only one PM-TFM with flux concentrated topology in conventional 
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layered construction is designed and studied for in-wheel applications, reported in [L8]; 
however, only one phase has been constructed and tested.  The prototype has an outer 
diameter of 240 mm and an axial phase length of 40mm. It is expected to deliver 37 Nm. 
Under this chapter, different structures of TFM are re-designed as outer rotor motors with the 
same diameter, axial length and pole number and they undergo a comparison study through 
the use of three-dimensional (3D) finite element method (FEM). The evaluated TFMs are 
excited via utilizing normal ring armature coils. The analytical study of the TFMs is done in 
terms of highest electromagnetic torque production capability and design optimization. The 
segmented construction concept in TFM will be extensively explained later in Chapter 3. 
 
General Machine Dimensions (mm) 
Pole pairs number* Air gap diameter  Pole pitch,τp  Air gap length  
18 207 18.06 0.8 
SPM-TFMs Dimensions 
 
Height  
(radial direction) 
Width 
(circumferential)   
Length 
(axial direction) 
U-core  52 12 52 
I-core 15 12 52 
PM 4 17 17 
Yoke of U-core 15 12 17 
SPM with U-cores 
Back element 8 2τp 54 
Stator slot 37 12 22 
SPM with U- and I-cores 
Back element 8 154.2pi 17 
Stator slot 22 154.2pi 22 
FCPM-TFMs Dimensions 
FCPM-TFM with U- and inclined I-cores 
 
Height  
(radial direction)   
Width  
(circumferential)   
Length  
(axial direction) 
PM 15 0.4 τp 17 
Rotor pole 15 0.6 τp 17 
U- and I-core Same as in  SPM-TFM 0.8 τp 
Same as in SPM-
TFM 
FCPM-TFM with twisted U-core 
PM 15 0.4 τp 34 
Rotor pole 15 0.6 τp 34 
Yoke 10 20.4  44 
Shoe 9.4 0.8 τp 17 
Side 20 23.6 10 
* Number of pole pairs on one side of the rotor 
Table 2.1: Dimensions of the PM-TFMs under comparison study 
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2.1 Evaluation Study of Selected Constructions of PM-TFMs for In-Wheel Motors  
Four different structures of TFM are evaluated, starting from simple to relatively complicated 
constructions. Two of these configurations belong to surface permanent magnets topology 
[G6]. Another two structures associated with flux concentrated topology [B18], [D5], [V1]. 
The reason behind the selected structures is, because they have already been documented as 
built machines to give high torque values at low speed and they are considered to be the 
simplest from construction side for TFMs in the view of the new soft magnetic materials and 
improved machining technology [V1]. The dimensions of the four simulated machines are 
shown in Table 2.1. General numerical design methods shown in literature review such as in 
[G6] and [B19] and followed in the design of the studied SPM-TFM and FCPM-TFM in this 
section.  A comparison study of power density for axial flux machines with various topologies 
can be found in [H11]-[H13], where general purpose sizing and power density equations are 
being presented.  
2.1.1 Comparison of SPM-TFMS Constructions 
Only two pole pitches, 2τp, of two different constructions for SPM-TFMs under the study are 
shown in Figure 2.1. In one case, the stator consists of one U-core that lies over 2τp of the 
rotor. The rotor has surface back element of soft magnetic material, where four PMs of 
alternating polarities are fixed on it. Each two of the PMs are located opposite to each other. 
The other structure of SPM-TFM has U- and I-cores that are located for the stator, while the 
rotor back element in the rotor is divided into two parts. The introduction of I-core causes 
usually leakage flux. In order to reduce the leakage flux that may occur between the I-cores 
and U-core, the corners of I-cores are in some designs cut, which result into inclined I-cores. 
The phase winding has ring coils and is placed inside the U-cores and circulated around the 
stator. The windings are not shown on the figures for simplicity.  
Symbolic notations are used in this section to refer to geometrical dimensions in the 
constructions are shown in Figure 2.1 and can be described as following;  hPM: height of PM 
in magnetisation direction; in radial direction in case of SPM and is in tangential direction for 
FCPM. wPM: width of PM in tangential direction in case of SPM and expressed in radial 
direction for FCPM.  dPM: depth of PM in axial direction in both cases.  la: axial length of one 
phase of the TFM  and  lc: axial length of U-core. ls, ws: axial length and circumferential width 
of stator pole of U-core, respectively. lg: air gap length that is in perpendicular direction to air 
gap surface.  lFei: mean length of flux path in soft magnetic parts in two pole pitch segment. 
The flux path in the machine has a three-dimentional (3D) pattern, which implies that if a 
laminated material is to be used in the construction, then the orientation of the laminations is 
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recommanded to be in the direction of the main flux path in order to reduce eddy current 
losses [G1], [M5], [S6], [S10]. Another alternative is the use of pressed Soft Magnetic 
Composite (SMC) [H7] for the stator and rotor that can reduce the material losses in TFM 
[B18], since each iron powder particle in the SMC material have its own insulation layer and 
this will effortlessly permit complex flux paths. Two different materials have been 
implemented for the stator cores and rotor back elements. In the first case, the permeability is 
set to be constant, defined as a linear magnetic material, and in the second case, non-oriented 
grain electrical steel, M400-50A [T2], is being utilized. Thirty six NdFeB magnets are used in 
each side of the rotor for each construction. The magnetization curves are shown in Figure 2.2 
for different soft magnetic materials [H7], [T2] that have been used throughout the 
investigation study with the demagnetizing curves of the PMs [A6]. 
At no-load condition, as the PM-excited rotor moves, the flux linkage will change and this 
will induce voltage in the winding as shown in Figure 2.3 for different rotor positions in both 
cases. Maximum value of the flux linkage will occur at the aligned position, when the stator 
pole is over the PM, whereas the maximum value of the induced voltage will occur at the 
unaligned position. It is clear that all the four PMs will participate in producing the induced 
voltage in SPM-TFM with U- and I-cores, while half of them will be useful in case of SPM-
TFM with only U-cores. This implies that SPM-TFM with U- and I-cores will be of higher air 
gap power, which is the product of no-load voltage and the armature current.  
The peak value of the armature current should be supplied, when the trigger signal of the 
incremental encoder is placed at position 2 in Figure 2.3, i.e., the rotor is at the unaligned 
position, so in this case the maximum torque will be reached. At the unaligned position, the 
flux of PMs circulates between the PMs near the air gap, therefore the flux in the U-core and 
I-core is nullified at this position. 
                                              
 
Figure 2.1: Different constructions of SPM-TFMs (Two pole pitch segments)                        
(a) SPM-TFM with U-core  (b) SPM-TFM with U- and I-cores 
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Figure 2.2: Magnetization and demagnetization curves                                                                  
(a) Soft magnetic materials (b) Permanent magnet (sintered NdFeB-L38UHT)  
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The back EMF in TFM is of a sinusoidal waveform and the amount of the induced no-load 
voltage will give roughly an indication of the required supply voltage for the designed 
machine, however the voltage drop due to copper and converter losses should be added to 
give the total required supply voltage that accounts for maximum attainable speed. The more 
the series number of turns of the ring coil, the more is the increase in the induced voltage as 
long as the operating point is not in the saturation region of the material. On the other hand, 
small number of turns will limit the amount of supply armature current and consequently the 
amount of electromagnetic torque.    
 
Figure 2.3: Schematic illustration of induced voltage and flux linkage in SPM-TFMs            
(a) SPM-TFM with U-cores (b) SPM-TFM with U- and I-cores 
 
   
         (a)                                                 (b) 
Figure 2.4: Magnetic equivalent circuit at no-load condition and aligned position (d-axis)     
(a) SPM-TFM with U-cores (b) SPM-TFM with U- and I-cores [G6] 
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In order to understand how the flux circulates in both the constructions of SPM-TFM, simple 
magnetic equivalent circuits (MEC) of the SPM-TFM are shown in Figure 2.4 for the aligned 
position for 2τp segment without considering leakage flux paths. The permanent magnet can 
be modelled by various methods as shown in Appendix A and in this chapter the PM is 
modelled by a magnetic source, Fc and its reluctance RPM.  Under the assumption that the iron 
losses components in stator and rotor are given by  ∑
i
FeiFeilH , then from Figure 2.4(a): 
  FF cc ∑=+⋅Φ−⋅Φ−⋅Φ−⋅Φ−
i
FeiFeiPMPMgPMgPMPMPM lHRRRR  (2.1) 
where; PMΦ  is the flux produced from two PMs in series. After simplification of (2.1): 
( ) gPM
i
FeiFei
gPM
i
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PM RR
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+
−
=
+
−
=
∑∑ 21F
       
2
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Φ
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(2.2) 
where;   ( )
rPMoss
PM
PM
wl
hR
µµ⋅⋅
=  ;  ( ) oss
g
g
wl
l
R
µ⋅⋅
=   and  PM
rPMo
r hB ⋅=
µµc
F  
PMg ΦΦ =  (2.3) 
The effective air gap area, Ag is given by (2.4). 
  ssg wlA ⋅=  (2.4) 
At the aligned position for SPM-TFM with U- and I-Cores in Figure 2.4(b); 
∑=⋅Φ−⋅Φ−
i
FeiFeigPMPMPM lHRR 444Fc  (2.5) 
( )  
4
1F
4
4F cc
g
gPM
i
FeiFei
gPM
i
FeiFei
PM ΦRR
lH
RR
lH
Φ =
+
−
=
+
−
=
∑∑
 
(2.6) 
Note that PMΦ   is produced from four PMs connected in series and the effective air gap area 
can be given similarly by (2.4) too. By comparing (2.2) and (2.6), the air gap magnetic flux 
densities in both machines are the same; unless the iron losses are taken into consideration 
[G6]. Therefore; the effect of iron losses should not be neglected in PM-TFM analysis, though 
it appears from the magnetic equivalent circuit (MEC) that the reluctances of PMs will 
dominate the magnetic circuit and neglecting the iron losses will not affect the calculation. 
This effect will be clear when PM-TFM is under saturation.  
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        (a)    (b)  
Figure 2.5: Flux density distribution at no-load condition at aligned and unaligned positions 
(a) SPM-TFM with U-cores (b) SPM-TFM with U- and I-cores 
 
 
 
 (a)     (b)  
Figure 2.6: MEC at no-load condition and unaligned position (q-axis)                                    
(a) SPM-TFM with U-cores (b) SPM-TFM with U- and I-cores 
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(a)     (b)  
Figure 2.7: Flux density distribution at load condition and unaligned position                        
(a) SPM-TFM with U-cores (b) SPM-TFM with U- and I-cores 
The flux densities distributions show the flux directions in the TFMs at the aligned and 
unaligned positions in Figure 2.5. From this figure, the magnetic equivalent circuits (MECs) 
at the unaligned positions have been derived as shown in Figure 2.6 for both SPM-TFMs, 
where no flux enters both the stator and rotor cores at no-load condition. These locations have 
been modelled as open circuits in the magnetic equivalent circuits. Over each unaligned 
position there will be a circulating flux path, which implies two open circuit locations in the 
first construction and four corresponding locations in the construction with U- and I-cores. 
Figure 2.7 illustartes the effect of armature current as it is supplied at the unaligned position. 
Obviously, the flux induced by the armature current directs a part of the PM flux that is in its 
supportive direction towards the stator cores. By this arrangement and switching of the 
current, the cores will never be in lack of flux during the load condition at all rotor positions. 
(a) Electromagnetic Torque 
Both the machines have been supplied by the same square current waveform with a peak 
value of 22A that corresponds to a current density of 7A/mm2. The ring phase winding has 70 
series turns and one parallel circuit and the slot fill factor is ≈0.44. The electromagnetic torque 
is the tangential torque component that is shown in  Figure 2.8 in SPM-TFM consists of two 
components, interaction and cogging torque components. There is no reluctance torque 
component since the rotor has no saliency.  Derivation of the electromagnetic torque 
components is shown in Appendix B, where the torque has been derived using three different 
methods, co-energy principle, stored magnetic energy and finite element approach. The 
electromagnetic torque components shown in Figure 2.8 have been estimated via running 
finite element simulations using magneto-static approach for both constructions of SPM-
TFM. It is obvious that the SPM-TFM with U- and I-cores gives more torque than those with  
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     (a)              (b) 
 Figure 2.8: Cogging, reluctance, interaction and resultant phase torques                              
(a) SPM-TFM with U-cores (b) SPM-TFM with U- and I-cores 
only U-core, when both the machines are supplied with the same supply. This phenomenon 
can prove itself through studying the flux path route. Considering two pole pitches, the flux 
due to the four PMs in SPM-TFM with U- and I-cores, will contribute in the air gap flux 
density, while half the number of the PMs will be useful for the torque productivity in SPM-
TFM with one U-core over 2τp. The cogging torque variation is of double frequency of total 
torque. 
Therefore, the cogging torque component is smaller for SPM-TFM with one U-core compared 
to the SPM-TFM with U- and I-cores. The reluctance torque in each case of SPM-TFM has no 
effect on the total torque, since there are no soft magnetic poles on the rotor that face the air 
gap and the PMs basically working similarly as air regions.  It is interesting to compare the 
effective air gap length of the two constructions. The equivalent air gap length; g' without 
saturation can easily be calculated via Ampère’s law at the aligned position for SPM-TFM 
with U-Core and SPM-TFM with U- and I-Cores by (2.7) and (2.8), respectively [G6]: 




+=′
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hlg
µ
2  (2.7) 
 4 
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+=′
rPM
PM
g
hlg
µ
 (2.8) 
where lg is the mechanical clearance in the d-axis, hPM is the radial height of the PM and µrPM 
is the relative recoil magnetic permeability of the PM. Although the effective air gap length is 
smaller in the first case, torque productivity is higher in the second construction. In case of 
saturation, g' should be multiplied by the saturation factors in d-axis and q-axis [G6]. The 
permanent magnet  height  effect  on torque production capability has been studied under  this  
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     (a)                (b)  
Figure 2.9: PM height effect on phase torque components in SPM-TFMs                               
(a) SPM-TFM with U-cores (b) SPM-TFM with U- and I- cores 
 
section. This study is shown in Figure 2.9 for the interaction and cogging torques. Based on 
surface magnet topology with using U-cores in the stator as shown in Figure 2.9(a), the 
increase in the height of the permanent magnet will cause a significant increase in the 
interaction torque till this height reaches a limited value, where any further increase will cause 
a reduction in the output torque. The dominant effect of the PM flux or/and the leakage flux 
will decide the maximum value of the output torque. As the radial length of the PM increases, 
the enhancement of the PM flux will be dominant, therefore, the torque will rise until the 
leakage flux will have the dominant influence and the major part of the flux produced by the 
PMs rather than crossing the air gap into stator poles, it will prefer the short path from one 
PM to the nearby PM, then back again through the back element.  
            
               (a)               (b)  
Figure 2.10: PM height effect on SPM-TFMs                                                                           
(a) SPM-TFM with U-cores (b) SPM-TFM with U- and I- cores 
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Thus, a reduction in average torque will take place. It is worth to be mentioned here that the 
unsaturated average torque in SPM-TFMs is a function of flux per pole in air gap, Φp, the 
leakage factor, Kl, the maximum armature current, Im  and the torque angle, θt [L8], which can 
be expressed as in (2.9). Note that ( )lps Kp ⋅⋅⋅ ΦN  represents the useful flux that links the 
armature winding and produces the active torque.  
         ( ) ( )tav θcosΦN2T ⋅⋅⋅⋅⋅⋅= mlps IKp
p
 (2.9) 
where, p is the number of pole pairs, Ns is number of series turns of armature winding and Kl 
is the leakage factor, which is of a value less than one and it is defined as the ratio between 
the flux on the bottom bar of U-core that links all the turns of the winding and the flux per 
pole in the air gap as illustrated in Figure 2.1. 
The cogging torque will increase as the PM length increases. This increase will continue until 
the attraction force raise has no significance on the stator poles, because the area of the PM 
facing the air gap area will get smaller as the PM length increases. Therefore, a compromise 
between low cogging and high interaction torques will guide the designer to choose the 
optimal height of the PM. 
The effect of increasing the height of the PM on the interaction and cogging torques for SPM-
TFM with U- and I-cores is shown in Figure 2.9(b). This increase of the height of the PM will 
lead to an increase in both torque components as in the case of TFM with only U-cores. 
However, a limit in PM height is reached after which constant torques start to occur. At these 
values, the flux still finds its closed path via crossing the stator cores and since the rotor back 
element is of divided segments, this will be the only way for PM flux to complete its path; and 
the leakage flux will not cause any significant reduction in the torque level. Under this study, 
both SPM-TFMs are assumed to work in the linear regions of the magnetising curves.  
Summaries of these results are shown in Figure 2.10, where the average interaction torque is 
plotted as a function of PM height as the machines operate in the linear region of the BH 
curve and as they are constructed of the material M400-50A. The plots are for 2- and 3-phase 
SPM-TFMs. The 3-phase average torque is naturally higher than that for 2-phase machine as 
can be depicted from the figure. As shown in Figure 2.10(a), the average torque reaches its 
maximum value as the height of PM approaches 3 mm for SPM-TFM with U-cores. The 
constant value of average torque is seen in Figure 2.10(b) for SPM-TFM with U- and I-cores. 
In order to make use of the PM material for the later configuration, it is recommended that the 
height of PM for this design not to be more than 5 mm. 
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Following the design procedure in Appendix D.1 via using MEC, the steady state 
performances have been calculated for a rotor speed of 480 rpm and plotted in Figure 2.11.  
This approximated approach has given similar values to their correspondences found by FEM. 
The no-load voltages found at 480 rpm are 138.5 Volt and 195.6 Volt for SPM with U-cores 
and SPM with U- and I-cores, repectively. The average electromagnetic torque is estimated by 
both MEC and FEM (for a current of 22A), for SPM with U-cores, to be 128.59Nm and 
130Nm, respectively. For the SPM-TFM with U- and I-cores, the recorded average 
electromagnetic torques from MEC and FEM are 181.6 Nm and 183.6 Nm, respectively. Note 
that the stator pole length in [G6] is taken as (2/pi)τp, which will cause the back emf to reduce 
to 157.3 Volt. Through observing the power factor changes with the changes in the available 
torque on the shaft, the power factor will be worse in SPM with U-cores than for SPM-TFM 
with U- and I-cores due to the reduced flux linkage that will reduces the phase inductance in 
SPM-TFM with U-cores, which will have impact on the input phase voltage and consequently 
on the input power and as well as the efficiency. When the load torque is smaller than 100 Nm 
then SPM-TFM with U-cores will have slightly better efficiency profile, and later the 
efficiency of SPM with U- and I-cores will be more. It is clear that the power density of SPM-
TFM with U-cores will be samller, since the mass occupied by the rotor back element is 
bigger compared to the I-cores in SPM-TFM with U- and I-cores. 
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Figure 2.11: Steady state characteristics of SPM-TFM at 480 rpm  
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(b) Flux Linkage and Phase Inductance Estimation 
To calculate the phase inductance, the flux linkage of the phase winding should be first 
estimated. This can be found by supplying the phase winding with different constant currents 
(DC currents) and finding the induced flux in the winding via FEM for rotor movements over 
two pole pitch period. Through the computation of phase flux linkage, the PM is modelled via 
frozen permeability technique [W1]. The partial derivative of the flux linkage with respect to 
the current or simply the use of the gradient of the flux linkage, will give the phase 
inductance. The method for computing the phase inductance is summerised in Figure 2.12.  
The flux linkage in SPM with U-cores is computed in Figure 2.13(a), where the machine is 
assumed at the begining of the study to work in the linear region of the magnetizing curve. 
The variations of the phase inductance are plotted in Figure 2.13(b). Due to the air between 
the PMs, a slight increase in the inductance will show up over the unaligned positions. 
Without the air regions, the phase inductance variations will be constant at the aligned and 
unaligned positions. 
 
 
 
 
 
 
Figure 2.12: Block diagram for calculating phase inductance (La) 
 
 
 
Figure 2.13: Phase flux linkage and inductance of SPM-TFM                                             
(SPM-TFM stator with U- and rotor back cores of linear material)                                                         
(a) Flux linkage (b) Phase inductance 
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The same approach has been used to calculate the flux linkage and inductance as shown in 
Figure 2.14, when the stator and rotor poles are constructed from electric steel M40050A.  
Although the flux linkage remains the same, the inductance shows the saturation effect via 
introducing a reduction in its magnitude as the current is further increased. It can be seen from 
the figure, Ld = Lq for SPM-TFM over two pole pitch region and the same behavior remains in 
the saturation region. 
   
 
Figure 2.14: Phase flux linkage and inductance of SPM-TFM                                             
(SPM-TFM stator U- and rotor back cores of M40050A material)                                                     
(a) Flux linkage (b) Phase inductance 
 
   
 
Figure 2.15: Phase flux linkage and inductance of SPM-TFM                                             
(SPM-TFM with U- and I- cores of linear material)                                                                               
(a) Flux linkage (b) Phase inductance 
    (a) (b)
Angular position 
(% Pole pitch) 
 
Fl
u
x
 
lin
ka
ge
 
(W
eb
er
.
tu
rn
) 
 
In
du
ct
an
ce
 
(m
H
) 
 
Reduction  
of inductance  
due to saturation 
 
No difference in flux linkage  
over two pole pitch period 
 
Current  (A) 
 
Current  (A) 
 
Angular position 
(% Pole pitch) 
 
Due to air regions 
between PMs 
 
  (a) 
  (b) 
Fl
u
x
 
lin
ka
ge
 
(W
eb
er
.
tu
rn
) 
 
In
du
ct
an
ce
 
(m
H
) 
 
Due to air regions 
between PMs 
 
No saturation 
effects 
 
Current  (A) 
 Current  (A) 
 
Angular position 
(% Pole pitch) 
 
Angular position 
(% Pole pitch) 
 
Difference 
is too small  
≈ 0.015 
Chapter 2: State of Technology         39 
   
 
(a)      (b) 
Figure 2.16: Phase flux linkage and inductance of SPM-TFM                                             
(SPM-TFM with U- and I- cores of M40050A material)                                                           
(a) Flux linkage (b) Phase inductance 
 
Figure 2.15 shows the flux linkage and inductance profile as the rotor turns over two pole 
pitch period for SPM-TFM with U- and I- cores. The plots show that the machine assumed to 
work in the linear part of the material magnetizing curve, since there is no observed change in 
the flux linkage with the increase in the current. The flux linkage shows no changes along the 
rotor movement too that indicates the existence of non-saliency in the construction, i.e., Ld = 
Lq. Plotting the phase inductance shows slight differences in the inductances throughout the 
rotor movement. The slight increases of the inductance occur at the position where the rotor 
poles aligned over the air regions located between the PMs. The difference of the inductances 
levels is ≈ 0.015, which reflects almost zero reluctance torque component. The average value 
of the inductance is ≈ 18.1 mH. 
In order to study the behavior of the machine under saturation, the poles and core of the TFM 
is constructed with M40050A and the flux linkage and inductance of the phase winding are 
plotted in Figure 2.16. A curvature profile appears in the flux linkage variations through the 
rotor movement as the current increased more than ≈ 18.0 A, which reflects that the machine 
with this amount of current starts to be under saturation. Starting with this current, the 
inductance will decrease from its linear synchronous inductance value of ≈ 18.2 mH and the 
inductance will exhibit ≈ 56% reduction in its value under extreme saturation case as recorded 
in Figure 2.16(b). The inductances at the aligned and unaligned positions are equal, when the 
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been analytically calculated by utilizing the procedure shown in Appendix D.1 (via using 
MEC), which are found to be 7.91 mH and 11.70 mH with 22A for SPM with U-cores and 
SPM with U- and I-cores, respectively. These values are consistent with the outputs found by 
using FEM as can be seen in Figure 2.14(b) and Figure 2.16(b) for 22A. 
In fact, the inductance Lq varies considerably with the load condition and the current phase 
angle, because of the degree of saturation in the magnetic flux, while the inductance Ld is 
characterised by its linearity and is slightly influenced by the current phase angle and the load 
condition [K4].   
Figure 2.20 explains the ABC and dq winding layout of a simple 2-pole SPM-TFM. The 
rotating d- and q-axis windings are in quadrature of each other and their magnetic axes are 
aligned with the d- and q-axis of the rotor. The d-axis of the rotor is chosen to be aligned with 
the centre lines of the PMs and the q-axis between the PMs. The position of the rotor and dq-
windings with respect to the stationary ABC windings is defined in Figure 2.20 as the angle 
between the rotating d-axis and a defined phase A-axis, is given by θ. It should be clear that 
for a TFM with asymmetry in inductances and resistances, the Kirchhoff's voltage law in 
matrix form is usually preferred to be used [G4]. The dq-axis theory [K10] can be used for 
TFMs, because the main requirement is the phase shift between 3-phase windings to be 120 
electrical degrees.  In every construction of TFM either the rotor or stator is shifted by this 
angle, so theoretically there is no contradiction to dq-theory requirements, since it is enough 
that the rotor spins synchronously with the frequency of the stator currents even if TFM does 
not operate on the principle of the rotating magnetic field. However, the air gap in TFM is not 
uniform as can be seen from Figure 2.20, so transformation of the phase inductances into 
direct axis (Ld) and quadrature axis (Lq) by using Park-Blondel's transformation [H1] will not 
be applicable for TFM, since the air gap must be uniform in order to apply this 
transformation.  
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Figure 2.17: Stationary ABC and rotating dq windings of a simple one phase of a three-phase 
two-pole SPM-TFM                                                                                   
(a)  3D-view   (b) Side view  (c) Front view 
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 (d) Estimation of No-Load Voltage 
The induced voltages at no load have been estimated for both constructions of SPM-TFMs via 
finding the derivative of the PM flux at no-load with respect to the angular position as the 
rotor is turned in magneto-static domain at a certain speed. Figure 2.18 illustrates the flux that 
is produced by all the PMs in one phase and links the turns of the armature ring phase 
winding at different positions over two pole pitch segment and the generated induced no-load 
voltages at a rotation speed of 100 rpm. The flux linkages are scaled by a factor of 100 to 
facilitate their display with the induced voltage on one plot. The generated back EMF in 
SPM-TFM with U- and I-cores construction has achieved ≈33% increase in its magnitude 
relatively to the construction with U-cores, as a consequence to the increased flux at no-load. 
The reason behind this increase has been already shown in the MEC in Figure 2.4; where 
double the number of PMs in SPM- with U-cores will partricipate in the production of the 
flux in SPM with U- and I-cores. From another viewpoint, the addition of the I-cores in SPM-
TFM have increased both the output voltage and the electromagnetic torque. This will add an 
effect on the size of the frequency converter that will be definitly bigger in case of  SPM-TFM 
with U- and I-cores. 
          
 
Figure 2.18: Induced flux and voltage at 100 rpm in SPM-TFMs 
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2.1.2 Comparison of FCPM-TFMS Constructions 
Figure 2.19 shows two constructions of FCPM-TFM. Figure 2.19(a) shows FCPM-TFM with 
U-core and two inclined I-cores located for the stator. Inclination in the stator I-cores have 
been done as stated previously to reduce the leakage flux paths that take place between the 
end corners of the I-cores and the U-cores. Poles of soft magnetic material, which are also 
called flux-concentrated poles, FC-poles, are inserted between each two PMs that are of 
alternative tangential magnetization polarities. A combination of two PMs and two FC-poles 
that are placed on two layers facing each other will form 2τp of the rotor. Note that the PMs in 
each layer are of alternative polarities and the polarities of the PMs in both layers are opposite 
to each other too. 
The second construction belonging to FCPM-TFM is shown in Figure 2.19(b), with twisted 
stator U-core that covers 2τp of the rotor. The axial length of PMs and FC-poles are made 
equal to the axial length of one phase of the machine. The circular coil passes through the U- 
and the twisted cores in both constructions. Apparently, the coil dimensions will be limited in 
terms of FCPM-TFM with U- and inclined I-cores. The flux concentrating principle is based 
on increasing the flux density in the air gap more than the residual flux density that the PMs 
possess. The principle can be verified by calculating the flux per pole in the air gap, Φp, under 
the assumption that no leakage or fringing flux exists. The relationship can be easily derived 
as given in (2.10)-(2.11) by considering both Figure 2.19 and Figure 2.20. 
PMPMPM dwBΦ ⋅⋅=p  (2.10) 
where, BPM is the flux density of PM, PMw  and PMd  is the width and depth of the PM, 
respectively. In (2.10), each PM will provide half of the flux.  Φp, can be also calculated from 
air gap flux density, Bg as following:   
 
        
 
Figure 2.19: Different constructions of FCPM-TFMs (Two pole pitch segments)                         
(a) FCPM-TFM with U- and inclined I-core   (b) FCPM-TFM with twisted U-core 
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 dwBΦ PMrpg ⋅⋅=p  (2.11) 
where wrp is rotor pole width as given in Figure 2.19.  
By equating (2.10) and (2.11), the ratio of air gap flux density to PM flux density will be: 
   1 
w
w
B
B
rp
PM
PM
g
>=  (2.12) 
In order that the flux concentration takes place, the ratio appears in (2.12) should be greater 
than one [B18]. By Ampère’s law around a closed flux path, the relation between flux density 
of PM, air gap and flux concentrating factor, KM  is obtain as follows:  
     0 H   H dH PM
c
=⋅+⋅=⋅∫ PMgg hllrr  (2.13) 
where Hg , HPM are the magnetic field strength in the air gap and of PM, respectively. lg and 
hPM are length of air gap and height of PM, respectively.  
 
 
 
 
Figure 2.20: Schematic illustration of induced voltage and flux linkage in FCPM-TFMs       
(a) FCPM-TFM with U- and inclined I-cores   (b) FCPM-TFM with twisted U-core 
(Numbers shown in figure relates positions of λ to no-load voltage as shown in Fig. 2.3) 
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From the PM operating point characteristics (Appendix A.1): 
    BHB rPMrrcoilPM +⋅⋅= oµµ  (2.14) 
where Br is the residual flux density. By substituting HPM from (2.14) into (2.13), the 
following relation of (2.15) is derived, which shows that the air gap flux density is increased 
by the flux concentration factor, KM  via the correct chosen dimensions of PM and rotor pole 
as given in (2.12). 
PMo
gPM
M h
l
K ⋅
⋅
+
=
µ
µ1
B
B rg  (2.15) 
The generation of no-load voltage in both constructions of FCPM-TFM is shown for three 
positions in Figure 2.20 and the corresponding flux density distributions are illustrated in 
Figure 2.21. At both aligned and unaligned positions, the stator poles will experience equal 
flux distributions on both the pole sides at no-load. 
 
 
 
 
 
(a)     (b)  
Figure 2.21: Flux density distribution at no-load condition at aligned and unaligned positions 
(a) FCPM-TFM with U- and inclined I-cores (b) FCPM-TFM with twisted U-core 
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(a)       (b)  
Figure 2.22 Magnetic equivalent circuit at no-load condition and aligned position [B18]                
(a) FCPM-TFM with U- and inclined I-cores (b) FCPM-TFM with twisted U-core  
Assuming that each PM produces the same flux, PMΦ , then from magnetic equivalent circuits 
at no-load and aligned position of FCPM-TFM with U- and Inclined I-Cores, Figure 2.22(a);  
 224Φ22Fc ∑=⋅Φ−⋅Φ−⋅−
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FeiFeigPMgPMPMPM lHRRR  (2.16) 
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where; gΦ is the air gap flux;  
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The air gap flux can be calculated for FCPM-TFM with twisted U-Core from Figure 2.22(b) 
as follows;  
        22Fc ∑=⋅Φ−⋅Φ−
i
FeiFeigPMPMPM lHRR  (2.18) 
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The flux in air gap, gΦ can be found from (2.19) as following:  
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By comparing the flux in air gap, gΦ  in both construction i.e., (2.17) and (2.20); the iron 
losses expressed by ∑
i
FeiFeilH  is the deciding factor for the higher value of the flux in the air 
gap, gΦ . This result is the same as found in case of SPM-TFM. The magnetic equivalent 
circuits at no-load condition and unaligned position (q-axis) are shown in Figure 3.23, where 
the flux cirulates around the PMs and does not enter the stator cores in both TFMs. When the 
current applied at unaligned condition, the flux will be on one side of stator pole more than 
the other, which implies a location of force as can be clearly seen in Figure 2.24, as the 
induced flux from armature winding will direct the PM flux that is in its direction towards the 
stator cores in a similar way as it is shown in case of SPM-TFM. Magnetic equivalent circuits 
for FCPM-TFMs at the load condition are derived in Figure 2.25. 
(a) Electromagnetic Torque 
The principle of electromagnetic torque generation in FCPM-TFM can be easily explained via 
Lorentz force rule illustrated in Figure 2.31 like is previously done for SPM-TFM in Chapter 
1. The electromagnetic torque in FCPM-TFM is of three components as derived in Appendix 
B.1 explicitly, cogging , reluctance and interaction torque components. By comparing FCPM-
TFM with twisted U-core with a TFM with U- and inclined I-cores, the TFM of twisted stator 
core gives the higher torque than that with U- and inclined I-cores as it is observed in Figure 
2.27. That is because most of the flux will link the coil and the leakage flux will be reduced 
through the usage of twisted U-cores. 
 
 
 
 
(a)       (b) 
Figure 2.23: Magnetic equivalent circuit at no-load condition and unaligned position (q-axis) 
(a) FCPM-TFM with U- and inclined I-cores (b) FCPM-TFM with twisted U-core 
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(a)     (b)  
Figure 2.24: Flux density distribution at maximum current and unaligned position                 
(a) FCPM-TFM with U- and inclined I-cores (b) FCPM-TFM with twisted U-core 
 
 
(a)     (b)  
Figure 2.25: Magnetic equivalent circuit at load condition                                                       
(a) FCPM-TFM with U- and inclined I-cores (b) FCPM-TFM with twisted U-core [B16] 
 
 
 
Figure 2.26: Torque production principle in FCPM-TFM (with U- and inclined I-cores)  
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The peak value of the phase torque, when a material of linear BH characteristics is used, for 
FCPM-TFM with U- and inclined I-cores as shown in Figure 2.27(a) is recorded to be 
≈125Nm, while its corresponding value reaches ≈185Nm for TFM with twisted core as 
presented in Figure 2.27(b). Contradictory to SPM-TFM, the reluctance torque will have an 
effect on the total torque produced by FCPM-TFM. This torque component has a smaller 
effect for TFM with twisted U-core, when the material of linear BH characteristics is used.  
The cogging torque waveform of TFM with twisted U-core will have as well smaller 
maximum value for the two implemented materials. Note that the axial length of FCPM-TFM 
with twisted U-cores is less than that of FCPM-TFM with U- and inclined I-cores by ≈34.6%.  
In a similar manner, the effect of the PM height has been studied for FCPM-TFM for the two 
constructions as it has been conducted for SPM-TFMs, for materials of linear and non-linear 
BH characteristics. The results are shown in Figure 2.28. As the height of the PM increases, 
the average torque of FCPM-TFM with U- and inclined I-cores is of continuous increase as 
obtained from Figure 2.28(a), for the linear case. The increase of PM height in FCPM-TFM 
with twisted U-core will cause higher average torque compared to the TFM with U- and 
inclined I-cores as long the machine operates in linear region of the BH curve, which is 
presented in Figure 2.28(b). The average torque of the FCPM-TFM will reach a constant 
value when the machine enters the saturation region of the BH curve and this happens when 
the PM height approaches 15 mm and 30 mm, , as shown in the above figure, for FCPM-TFM 
with twisted U-core and FCPM-TFM with U- and inclined I-cores, respectively.  
              
Figure 2.27: Cogging, reluctance, interaction and resultant torques                                         
(a) FCPM-TFM with U- and inclined I-cores (b) FCPM-TFM with twisted U-core 
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(a)       (b) 
Figure 2.28: Average torque as a function of PM height for FCPM-TFMs                                   
(a) FCPM-TFM with U- and inclined I-cores  (b) FCPM-TFM with twisted U-core 
As long as the flux has no other way to complete its path, starting from the PM crossing the 
air gap to the stator and back again to the rotor, the average torque will increase following the 
increase in PM height, when the material is of a constant permeability, otherwise saturation of 
the material will stop the average torque from increasing. Note that the effect of the leakage 
flux in FCPM-TFMs, in case of the linear material, has less dominancy on the torque as 
compared with SPM-TFMs. 
(b) Flux Linkage and Phase Inductance Estimation 
The flux linkage and the phase inductance are shown in Figure 2.29 for FCPM-TFM with U- 
and I-core construction for linear operation point in the BH-curve. Obviously, the flux linkage 
shows different variations at the aligned and unaligned positions at locations of zero and 50% 
of pole pitch, respectively. Through finding the derivative of the flux linkage with respect to 
the current axis, two level of the inductance will be recognized as indentified in the figures by 
Ld and Lq, ≈18.0 mH and 19.8 mH, respectively. The small difference of inductance (Ld-Lq ≈ 
2.0 mH) implies that the reluctance torque component of the total output torque will be of a 
small value. When the rotor is at the unaligned position with respect to the considered phase, 
the inductance deceases with higher current due to saturation, where this is observable at 
±50% of the pole pitch for positive/negative current. Note that the phase inductance is not 
zero at zero current although the flux linkage will be zero. By comparing the inductance of 
this machine to its correspondence in SPM with U- and I-cores, they are of similar values.  
Constructing the machine with M40050A material, shows different behavior at high currents 
due to saturation region as shown in Figure 2.30. The inductance profile will totally change, 
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when the machine is in saturation. Although Ld is usually smaller than Lq when the machine 
operates in the linear portion of BH-curve or under semi-saturated condition, at the saturation 
Ld will show greater values than Lq (when the current ≥ 18A ). A 2D-grid has been plotted in 
Figure 2.30(b) to illustrate how the variations of the inductance will look like in 2D-
projection.
 
 
  
 
Figure 2.29: Phase flux linkage and inductance of FCPM-TFM                                                 
(with U- and inclined I-cores of linear material)                                                                              
(a) Flux linkage (b) Phase inductance 
 
 
 
 
Figure 2.30: Phase flux linkage and inductance of FCPM-TFM                                                  
(with U- and inclined I-cores of M40050A material)                                                                     
(a) Flux linkage (b) Phase inductance 
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The flux linkage and phase inductance for the FCPM-TFM with twisted core are shown in 
Figure 2.31 for two pole pitch rotor movement period, with the assumption that the machine 
operates over the linear portion of the magnetizing curve.  The flux linkage of the phase 
winding shows obviously two different levels of the flux linkages compared to SPM-TFMs. 
One level appears at the unaligned position (represents the initial position of the rotor at 0% 
of the pole pitch) and the other comes as the rotor poles are aligned over the stator poles at an 
angle equivalent to 50% of the pole pitch. The machine has a variation of its inductance at ia = 
0 as a function of the position, which indicates the inductance inequity: Ld ≠ Lq as can be seen 
from Figure 2.31(b). Ld is recorded to be ≈ 19.4 mH where Lq  is ≈ 22 mH. The small 
difference of the inductance shows its effect on the small component of the reluctance torque. 
The operating point on the saturation region shows clearly its effects on the flux linkage and 
consequently on the phase inductance, when the model of BH-curve accounts for saturation. 
When the operation point of the machine at linear portion of the BH curve, the inductance will 
not suffer from any increase of current and it will remain the same with different levels of 
currents. On the other hand, the flux linkage and the phase inductance with M40050A 
construction that is plotted in Figure 2.32, shows decay on the inductance and constant flux 
linkage with high currents that lead to saturation of the machine. When the machine in 
saturation, the synchronous inductances Ld and Lq reversing their behavior, through which Ld 
becomes bigger than Lq.   
 
 
 
Figure 2.31: Phase flux linkage and inductance of FCPM-TFM                                           
(with with twisted U-core of linear material)                                                                        
(a) Flux linkage (b) Phase inductance 
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Figure 2.32: Phase flux linkage and inductance of FCPM-TFM                                               
(with twisted U-core of M40050A material)                                                                               
(a) Flux linkage (b) Phase inductance 
In extreme saturated condition, the difference between Ld and Lq sharply reduces to almost 
zero level, which implies that the saturation will abolish the reluctance torque component. 
 (d) Estimation of No-Load Voltage 
The no-load voltages have been derived from the induced PM flux at no-load with a rotor 
speed of 100 rpm for both constructions of FCPM-TFMs and plotted in Figure 2.33. The soft 
magnetic parts in both FCPM-TFMs are made from M40050A and the simulations show 
similar back EMF constants of ≈5.6 mVolt/turn/rpm for each construction. The peak values of 
the induced voltages have reached ≈55Volt, which implies that the selected frequency 
converters should have dc link voltages above 60Volt accounting the voltage drops across the 
armature winding resistances as well as the converter losses, if the machines will be operating 
at 100rpm. The saturation effects are obvious and can be deduced from the constant 
amplitudes of the voltages; and the FCPM-TFM with twisted cores shows to have more 
harmonices than FCPM-TFM with U- and I-cores and consequently more losses. The 
irrgulartites in the shape of the induced voltage in FCPM-TFM with U- and I-cores indicate 
smaller number of mesh elements in the air gap. 
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Figure 2.33: Induced flux and voltage at 100 rpm in FCPM-TFMs 
 
2.2 Assessment of the Studied Constructions of PM-TFMs 
The four different constructions of PM-TFMs have been compared in order to check the best 
candidate among them for applications as in-wheel motors. The machines have been designed 
as outer rotor motors of similar dimensions, where both poles and cores of the stators and 
rotors are constructed from two different materials. Namely, one material has a linear BH 
characteristics and the other one is electric steel, M400-50A. The same power supplies have 
been applied as well to the four TFMs during the comparison study. 
Based on the study, FCPM-TFMs will give higher torque values compared to the SPM-TFMs. 
Although the twisted U-core type belonging to flux concentrated topology is of the smallest 
axial length among the compared TFMs, it will be of the highest torque production capability 
as the machine operates in the linear region of BH curve. Therefore, the FCPM-TFM is 
recommended for its higher torque density despite its complexity in construction. The 
reluctance torque is eliminated in SPM-TFM as there are no soft magnetic poles in the rotor 
that face the air gap. The effect of this component of the torque is significant in FCPM-TFM 
due to FC-poles that faces the air gap and will be attracted to the soft magnetic poles in the 
stator, when the machine is excited by the current. TFM with twisted U-cores will exhibit a 
smaller reluctance torque compared to FCPM-TFM with U- and inclined I-cores, when the 
machine is mainly not saturated. The smallest cogging torque component produced in SPM-
TFM with U-cores, since half of the magnets will be active. By comparing the cogging torque 
of the two constructions of FCPM-TFMs, the FCPM-TFM with twisted U-cores will be of a 
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smaller value, because the total area of the soft magnetic material of the stator poles which 
face the air gap is smaller than that in FCPM-TFM with U- and inclined I-cores, therefore, the 
attraction force will be smaller and as a consequence, the cogging torque will be reduced. 
The height of the permanent magnets can be increased with a limit. Beyond this limit, any 
increase in its radial height will be a waste of the PM-material used in TFM constructions. 
The leakage flux has an obvious effect on the average torque production in SPM-TFMs, 
which will limit its maximum value despite the increase of PM height. The effect of the 
leakage flux causes either a reduction in the average torque as in SPM-TFM with U-cores or a 
constant average torque as in the case of SPM-TFM with U- and I-cores, when the machine 
operates in the linear region of the BH curve. Moreover, the average torque will be of a 
constant value, when the SPM-TFM operates in the saturation region of the BH curve, as has 
been shown for SPM with U- and I-cores. The increase on the height of the PM for FCPM-
TFM will cause an increase in the average torque as long as the machine operates on the 
linear region of the BH curve of the material. Otherwise, the average torque will not change 
after a certain increase of the PM height. This phenomenon appears earlier with FCPM-TFM 
with twisted cores compared to FCPM-TFM with U- and inclined I-cores. The increase of the 
PM height in FCPM-TFM has the same effect of increasing the flux concentration factor that 
is defined as the ratio of the PM area that touches the flux concentrating pole to the area of the 
PM that faces the air gap, which should be of a value greater than one as this comes consistent 
to what has been proved in [V1].  
It is always good to in term of efficiency to control drive at maximum torque per ampere 
[G2]. In case of SPM-TFM both Ld = Lq, therefore, it is better to keep Id = 0 so that I = Iq. In 
contrast to FCPM-TFM, where Ld ≠ Lq, the maximum torque per ampere will occur when Id is 
kept at a negative value to force the reluctance torque component to be positive (since Ld < 
Lq) and therefore the reluctance torque component will not oppose the driving torque. The 
induced no-load voltage in SPM with U- and I-cores are bigger and therefore the related air 
gap power will be bigger compared to SPM with U- and I-cores for the same volume. Despite 
the similar voltage level in both constructions of FCPM-TFMs, the electromagnetic torque 
density of FCPM-TFM with twisted core is higher in comparison to FCPM-TFM with U- and 
I-cores.  However, the twisted core will be mechanicaly easier to be constructed by utilising 
SMC material rather than laminations, which will cause a significant reduction in the 
electromagnetic torque due to the low saturation level of the prototype materials [H7], despite 
the remarkable reduction in core losses. 
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Chapter 3: TFM in Segmented Configuration 
Following the suggestions of the previous experiences that have been shown in the reviewed 
machines in Chapter 1 and those that are studied in Chapter 2, a simple construction of 
permanent magnet transverse flux (PM-TFM) has been extracted to validate the operation 
principle of TFM with segmented stator. In view that the design target is a compact 
construction of small axial length and maximum exploitation of radial and circumferential 
spaces with highest achieveable torque density. In this chapter, the realisation of compactness 
via segmented construction will be investigated for two- and three-phase operation modes. 
The initial design will focus on the flux concentrating topology that will be analysed and 
mathematically modelled. The idea of segmentation will be further extended to surface PM 
concept.  Several periodical tables will be developed to provide the designer with preliminary 
scheme of the possible variants of segmentations that can be developed for certain number of 
PMs considering the space available between the phases. A variety of numerical evaluation 
studies will be demonstrated, which will include comparing machines with different number 
of stator segments, conventional layered with segmented structures, different TFM topologies 
and the utilized materials from laminated to SMC.  
 
                                                                                
 
       
 
 
                  
 
Figure 3.1: Realisation of segmented three phase FCPM-TFM 
(a) Conventional TFM with phases in layers  (b) Segmented construction 
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Several models for the laminated configuration are developed to illustrate the effect of 
laminations. The motors are modelled via magnetic equivalent circuit (MEC) and in finite-
element method (FEM) program, Flux3D. The nature of magnetomotive force (MMF) in 
TFM and the limitations of the design methodology will be illustrated too. Based on the 
comparison studies, certain design recommendations will be suggested to achieve optimum 
results. At the end of the chapter, the existance of additional magnetic normal and axial 
forces, effects of eddy currents and location of coils in the slot will be demonstrated. 
3.1 Basic Idea of the Construction 
In conventional TFM, the phases of the machine are located under each other where the 
corresponding mechanical phase shifts between the phases are considered. Placing the phases 
in this manner under each other will increase the axial length of the machine. The basic idea 
of this design is to utilize the axial length of TFM, by placing the windings around the stator 
rather in a layered structure and shifting those from each other by electrically 120° or 90°, for 
three- or two-phase machine, respectively. Therefore, the axial length of each phase will 
represent the total axial length of the machine, while keeping the torque density high. The 
consequent shape of the windings, located on the circumferential plane of the machine will be 
changed from ring to concentric saddle shaped coils as shown in Figure 3.1.  
Since the torque density achieved by FCPM-TFM is higher than the SPM-TFM, it is preferred 
to use FC topology for constructing in-wheel motors.  Under this section, flux concentrated 
configurations will be firsly explained and modelled in details for two different phase 
arrangements, full and segmented phase windings and for both three- and two-phase 
configurations. Secondly, the relevant constructions for SPM-TFM will be demonstrated. In 
order to locate the windings around the stator, certain steps should be managed so that the 
mechanical shift of the windings with respect to the rotor will coop with the phase of the 
electric loading. Simple MEC will be developed for each topology, nature of MMF in TFM 
will be shown and at the end, a list of the limitations of the design will be discussed. 
3.1.1 Three-Phase Flux Concentrating Permanent Magnet Machine (FCPM-TFM) 
with Full Phase Segments 
Figure 3.2(a) shows a schematic construction of 3-phase FCPM-TFM of 56 poles with three 
full phases. The pole number represents the number of the PMs or the rotor poles. The pole 
pitch, τp is defined in millimeters as the air gap circumference divided by the pole number or 
simply 360° divided by the number of poles, which is equal to 6.43°, expressed in mechanical 
degrees. The PMs are marked with different colors indicating opposite tangential 
magnetization direction. Each stator phase has sixteen pole pitches, 16τp.  
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Figure 3.2: Three-phase FCPM-TFM with full phase segments                                                     
(a) Machine structure    (b) PMs number selection for q = 2 
Each two complete stator poles correspond to 2τp. The stator poles are divided into two parts, 
one is located in the centre of the stator axial length, and the other part consists of stator poles 
that are shifted by 1τp and are divided and placed in top and bottom layers so that each side of 
the winding will be sandwiched by the stator poles. As the number of pole pitch pair for each 
phase is specified for this machine to be 8, the corresponding number of rotor poles for each 
phase is sixteen, as each 1τp is equivalent to the mean distance between two rotor poles. By 
placing the first phase of the stator and its corresponding rotor phase span; the first step of the 
design will be accomplished.  In the same way, the second stator phase which is identical to 
the first phase, but displaced by a mechanical shift that corresponds to 2pi/3 electrically; is 
added. The mechanical shift expressed in mechanical radians, φ3θ , can be calculated by (3.1), 
where 2p is number of poles.  
p
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3
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 θ3 ×=
pi
φ  (3.1) 
In order to achieve sufficient areas between the phases around the stator, a quantity of 
multiple of pi/p will be added to φ3θ . Therefore; the mechanical displacement between the 
stator phases for full winding arrangement, δ3φ , can be calculated as given in (3.2), where a 
numerical factor equals q is introduced in (3.2) to get sufficient spaces between the phases for 
the end turns in the circumferential direction. Note that if (3.2) is multiplied by the air gap 
radius, then the first term, φ3θ will be equivalent to 2/3 τp, where τp = 2piRg/(2p) and Rg is the 
radians) mechanical(in                   
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air gap radius and the second term in (3.2) will be equivalent to q×τp. The locations for the end 
turns in axial and radial directions will be explained later in Section 3.1.9. 
In order to select the range of q, two equations should be solved, firstly; φ3δ  expressed in (3.2)  
should be greater than zero so that no overlap will occur and not a multiple of 2pi, to allocate 
the mechanical shift between the phases. Secondly; to ensure that the phase span, F−Θ φ3 , 
which is expressed by (3.3) will cover an even multiple of pole pitches; (3.3) should be 
greater than or equal 2pi/p (≈ 2τp) as given in (3.5).  The phase span, F−Θ φ3  expressed in  (3.3), 
does not account for the end turns, where n is the number of segments per phase and the 
number three is used to denote the number of phases. 
( )
n
n
F 3
δ  32 3
3
φ
φ
pi −
=Θ
−
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Note that the phase span, Θ3φ  in (3.3) can be  expressed in terms of number of τp too. By 
solving  (3.4) and  (3.5), q is found to be a number that is greater than -2/3 and less than or 
equal )
3
2p
3
22(
n
+−− , which can be simplified into 


−⋅ 82p
3
1
n
. The factor 8/3 occurs after 
simplification and accounts basically for (2+2/3) ×τp.  
Therefore; for n-sectors per phase, the range of q for full winding should be within the 
relation given by (3.6) and satisfies (3.7) too. 
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

−⋅≤<− 82p
3
1
3
2
n
 q  (3.6) 
etc,
3
7
,
3
4
,
3
1
 L≠q  (3.7) 
Thus; the maximum value of q is given by qmax as shown in (3.8). 
 82p
3
1
   max 


−⋅=
n
q  (3.8) 
To find the minimum value of q, qmin, an even number, h, should exist that will satisfy the 
relationship given by (3.9). 
( ) 20 max <−≤ hq  (3.9) 
Therefore, qmin  is given by (3.10). 
hqq - maxmin =  (3.10) 
The number of possibilities of q for certain n-sectors per phase, Nq can be found by (3.11).  
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minmax +
−
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qqNq  (3.11) 
To get the maximum number of sectors per phase, nmax that the machine can be constructed 
with, the relationship in (3.6) should be solved for n. 
3
282p
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  (3.12) 
After simplification of (3.12); n should be chosen as an integer that satisfies (3.13) and nmax 
will be given by (3.14) for all q such that 03 >φδ . 
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For only the values of q that satisfies 0≥q , nmax will be given by (3.15). 
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As it can be seen from (3.13)-(3.15), nmax is a function of the number of poles of the machine. 
There exists a positive integer, c for each value of q in a three-phase machine with 2p number 
of poles. This enables the phase span to cover a positive integer multiple of two pole pitches 
and since 2τp is poroportional to 2×(2pi/2p), then  c  is calculated by (3.16). 
             0                        
p2
22
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φ
 (3.16) 
By substituting (3.1) and (3.2) into  (3.3) and the result into (3.16), the values of c can be 
calculated as shown in (3.17) for all c > 0. In fact; the minimum value of c equals one and its 
maximum value is Nq that is found by (3.11). 
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A machine with 56 poles can be constructed with [ ]9 , 1∈n . This implies that there exist nine 
possibilities for number of sectors per phase. And each sector can be designed with different 
possibilities of q. For the case in this section, n = 1; therefore the machine can be constructed 
with different values of q that satisfies (3.6), (3.7), (3.9) and (3.17), which gives 
61 ,,6 ,4 ,2 ,0 K=q .  The  available spaces for the end windings depend on the value of q with 
a direct proportional relationship. However, the number of the stator poles per phase will be 
reduced, if the chosen value of q is big. Therefore, there should be a compromise between the 
diameter of the machine, end winding space and how many number of the stator poles should 
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be located for each phase. As reducing the distance between the phases will be superior to the 
interaction torque due to the increase in the number of stator poles per phase, the effect of 
interaction mutual flux between the phases will rise and considering the phases to behave 
independently, might not be to a certain aspect correct. This implies that sector-wise design is 
useful especially in case of designing machines of big diameters. 
The machine is designed for q = 2, consequently, the number of rotor poles for the two phases 
can be easily deducted as 16 poles (i.e., phase 1) + 2 poles (i.e., 2τp) + mechanical shift + 16 
poles (i.e., phase 2), this will result in 34 rotor poles and a fraction that corresponds to 2/3 τp. 
Following the same manner, the third phase of the stator will be placed, which will lag the 
first phase by (4/3 τp) i.e., 240 electrical degrees.  
The resulting number of rotor poles for the whole machine will result into: 3×16 poles (i.e., 3 
phases) + 3×2 (i.e., 2τp) + 2 poles (i.e., 3× φ3θ  = 3× (2/3 τp)) = 56 rotor poles. As a matter of 
fact; each stator phase corresponds to 120 mechanical degrees i.e., 1×16 (i.e., phase1) + 1(i.e., 
2τp) +1(i.e., φ3θ = 2/3 τp). Thus, 18τp + 2/3 × τp = (56/3) × τp = (56/3) × 6.43o = 120o.   
A similar machine with 58 poles and n = 1 can be constructed by setting a value of q = 8/3, 
the inner distances between the phases will be increased and it is calculated from (3.2) to be 
2×τp + (2/3)×τp + φ3θ . Apparently, this requires reversing the sequence of the two-phase 
windings compared to the machine of 56 poles.  As it has been shown, TFM with concentric 
windings around the circumference can be constructed only with a certain number of poles in 
the rotor in order to confirm the mechanical shift with the mechanical balance of the 
construction. The great advance in power electronic devices technology and control schemes 
allow us to design efficient power supplies with different phase shifts expressed in electrical 
degrees e.g., of 30° or 60°, thus makes the construction of TFM with segmented windings 
with mechanical shift other than 120° possible. Figure 3.2(b) shows the allowable number of 
poles suitable for building TFM with segmented windings around the circumference in 
relation to number of stator pole number on each layer for each phase. This figure has been 
conducting while considering the mechanical distances between phases for q = 2. Figure 3.3 
summaries the possible constructions of three- phase transverse flux machine with phase in 
segmented structure for pole numbers 56 and 58, respectively. The color of each circle 
represents how many 2τp segments will be spanned by the phase. The number inside the circle 
represents the value of q for each distance between the phases. The sequence of the windings 
and the phase shifts of the currents in electrical degrees, δ3φ, are shown on the top for each 
number of sectors per phase. This figure shows that both the machines have the same 
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maximum number of sectors per phase that equals nine and each sector per phase has a span 
of a maximum number of 2τp. For example, the three-phase 56-pole machine with n = 1, there 
exists nine possibilities to get full phases around the stator as it can be seen from Figure 
3.3(a). If the phase winding is to cover only 2τp, then q will equal 16 and this represents the 
minimum phase span (dark blue circle) and the maximum distance between phases is then 
equal 16τp + θ3φ. The phase can also be designed to cover 12τp (dark red circle), therefore δ3φ 
= 6τp + θ3φ. The minimum value of q is zero for P = 56, however the minimum value of q is 
50/3 for P = 58. This represents the minimum distances between the phases and by 
implementing this value of q, the maximum phase span will be achieved, which equals 18τp 
(light orange circle).  
  
 
Figure 3.3: Possible constructions of three-phase TFM in segmented configuration                       
(a) TFM with 56 poles (b) TFM with 58 Poles 
(a) 
(b) 
δ3φ is expressed in both figures 
in electrical degrees and phase 
spans are expressed as 
multiples of 2τp 
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Figure 3.4: Possible constructions of three-phase TFM                                                                     
(in segmented configuration with 26 poles)                                                                                     
(a) Schematic (b) Detailed 
By comparing Figure 3.3(a) with Figure 3.3(b) for n = 1; electrically the phase sequence is 
ABC and ACB, for P = 56 and 58, respectively; which signifies that A stands for phase (a), B 
for phase (b), and C is for phase (c). This implies that two phases for the machine with P = 58 
should be swapped. With 56 poles, there exist five possibilities for the number of segments 
per phase to be supplied with conventional market power supplies, i.e., n = 1, 2, 4, 7 or 8 
since the phase difference is an even multiple of 120 in electrical degrees. This number of 
possibilities will decay to n = 1 or 2 for TFM with 58 poles. Other values of n will require 
other supply phase shifts. Figure 3.4 shows a detailed illustration of the possible segments in a 
machine with 26 poles. A phase of a machine with this pole number can be segmented up to 4 
segments without overlap between the phases.  
3.1.2 Three-Phase Flux Concentrating Permanent Magnet Machine (FCPM-TFM) 
with Segmented Phases 
In order to consider the mechanical balance of the machine, each stator phase has been 
divided into two parts and placed opposite each other so that when one part of phase is 
feeding the machine, its facing part will also be on operation, therefore, this will emphasize 
the radial mechanical stress balance symmetrically. This scheme for locating split phase 
segments around the stator is shown in Figure 3.5(a) for a TFM with 56 poles. The same 
method that was carried out with full winding distribution, through placing the windings 
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around the stator, is applied here with taking into consideration an angular distance of 
(4/3)×(pi/p) between the split phases, i.e., half the distance of full segment winding structure. 
Basically, n = 2, and as there are four possibilities for the segmented construction, the value of 
q has been chosen from Figure 3.3(a) to be 2/3. This choice will affect the phase sequence and 
therefore, the terminals of the windings of the second and third phases should be swapped as 
indicated in the figure by the phase sequence ACB.  
Note that if the machine is to be constructed with 58 poles, then the phase sequence will be 
ABC. However, the terminals of the second and third phase windings should be exchanged. 
Therefore, the phase sequence can be denoted as AB′C′. Each two consequent phases will 
share an angular distance between the phases, δ3φ. In order to place the windings without any 
mechanical difficulties, these distances should be big enough and in consistence with the axial 
length that is located for the windings. Therefore, as the number of PMs increases, the 
distances between the phases will get to be smaller for the same value of q. 
The mechanical shift is considered to be half that of the full three-phase windings, i.e., 
(2/3)×(pi/p). In this way, the phases can be supplied with reverse currents. Therefore, the 
phase sequence will be as each phase lags the other by 2pi/3 for full segment winding 
machine, while reverse order of phases will be expected for the split phase TFM. This can 
definitely be explained in terms of the mechanical shift, since 1τp + 1/3 τp corresponds to 
electrically 4pi/3 and similarly 2τp + 2/3 τp corresponds to electrically 2pi/3 i.e., the phase shift 
is of 120 electrical degrees. The suitable pole number for split phase three-phase FCPM-TFM 
is shown in Figure 3.5(b); where each phase is divided into two equal parts for q = 2/3. 
 
                         
 
Figure 3.5: Three-phase FCPM-TFM with segmented windings for q = 2/3                               
(a) Machine structure    (b) PMs number selection 
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In order to locate the aluminium housing of the machine, the axial length of the PMs is made 
smaller at both ends than the axial length of the rotor poles as shown in Figure 3.2(a) and in 
Figure 3.5(a).  An alternative way, is to reverse this concept, i.e., the rotor poles longer and 
the PMs smaller. These are mechanical mounting methods for sticking the rotor poles to the 
PMs as it will be more explained in Chapter 4. 
 A summary of the possible combinations of the number of segements, q and phase spans are 
shown for different pole numbers in Table 3.1. Note that the phase span, Θ3φ  in  Table 3.1 is 
expressed in terms of number of τp. The color shading in the table indicates the mechanical 
displacement between the stator phases, δ3φ  expressed in electrical degrees. Each cell in the 
table gives four information for each pole number, 2p and number of sectors per phase, n. 
These data include, firstly how many possible constructions can be achieved for a given 2p 
and n. Second information is the values of q, the third information is the phase span for each 
value of q and the forth information comes from the color shading for δ3φ . The minimum 
number of poles for a machine to be constructed with a segmented stator is 8, however the 
distances between the poles are small and limited to be only 2pi/p as q = 0. As the number of 
poles increases, the number of possibilites of the segmented stator constructions will increase 
as well as the possible number of segments in one design. Appendix C extends Table 3.1 to 
include variants with more pole numbers. Θ3φ  is expressed in terms of τp. 
 
 
 Possibilities of segmented stator: Number of possibilities/q/phase span  
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Table 3.1: Possible three-phase FCPM-TFM with segmented windings  
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3.1.3 Two-Phase Flux Concentrating Permanent Magnet Machine (FCPM-TFM) with 
Full Phase Segments 
The stator in two-phase TFM can as well be constructed in segments with full or split 
windings. Figure 3.6(a) shows two-phase TFMs with full windings of 56 poles viewed as a 
top section. Apparently, the two-phase TFM with full windings distribution will exhibit 
additional noise problems since there exists mechanical instability, due to unequal mechanical 
distance between the two phases for any choice of 2p that cannot be geometrically avoided.  
The mechanical shift for 2-phase winding is 50% of (pi/p) and can be calculated by (3.18). 
radians) mechanical(in     
p
1
2
 θ 2 ×=
pi
φ  (3.18) 
The unequal mechanical distances between the phases can be calculated by using (3.19) and 
(3.20). 
p
 θ δ 22 1
pi
φφ ×+=− qF  (3.19) 
φφ
pi
222 θ p
  δ - qF ×=−  (3.20) 
where the range of q can be calculated, such that (3.19) is greater than zero and the phase span 
is a multiple number of 2τp , which results into (3.21). Note that factor 4 instead of 8 appears 
in  (3.21) and this factor can be found as done previously in (3.6). 
( )4-2p 
2
1
2
1
 ≤< q  (3.21) 
This shows that 0≠q , otherwise overlap between the phases will occur. 
In fact, q should not be a factor that will cause any integer multiple of pi or 2pi electrical 
degrees between the phases. Therefore, q should satisfy (3.22) too.  
 
                          
 
Figure 3.6: Two-phase FCPM-TFM with full distributed windings for q = 2                                
(a) Machine structure    (b) PMs number selection 
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The maximum value of q is given by qmax in (3.23). 
To find the minimum value of q, qmin, an even number, h, should exist that will satisfy the 
relationship given by (3.24). 
Therefore, qmin  is given by (3.25). 
The number of possibilities of q for one sector per phase, Nq can be found as shown in the 
previous section by (3.11). 
The mechanical phase span, 
F−
Θ φ2  , can be obtained from (3.26). 
The range of q is calculated for 2p = 56 by (3.23) and (3.25) to be ( ]26 , 5.0   ∈q  and the 
possible values of q can be an integer belongs to { }26,,6,4,2 L . In Figure 3.6(b), the possible 
number of stator pole pitch pairs for each phase has been calculated for different pole 
numbers and for minimum value of q (q = 2). By comparing  Figure 3.2(b) and Figure 3.6(b), 
the suitable rotor pole number for 3-phase and 2-phase windings configuration, respectively, 
are not the same. Obviously, the pole number arrangement, which has been applied for 2-
phase machine cannot be applied for the 3-phase machine and vice versa.  
3.1.4 Two-Phase Flux Concentrating Permanent Magnet Machine (FCPM-TFM) with 
Segmented Phases 
Dividing the two phases into parts will eliminate the mechanical instability and insure equal 
distances between all the divisions of the phases. The split 2-phase with segmented windings 
construction is shown as top view in Figure 3.7(a), where the machine has 58 poles and each 
stator phase is divided into two equal parts. The distances between the phases have been 
chosen to allow feasible spaces between the windings as found by (3.27). 
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Following the same approach of Section 3.1.1, the mathematical formulation for two-phase 
machines with n-segments ( 1≠n ) can be developed. The effective mechanical phase span, 
without considering the end winding space, φ2Θ , can be calculated by (3.28) and should cover 
an even multiple of pi/p; and φ2δ  should be greater than zero. Having solved these two 
variances and after simplifications, the range of factor q can be calculate such that it will not 
exceed 


−⋅ 5p2
2
1
n
 and at the same time is greater than -1/2.  Note that a factor 5 appears here 
instead of 8 that found in (3.6) for a TFM with three-phase full winding segments. 
Therefore; for n-sectors per phase ( 1≠n ), the range of q should be within the relation given 
by (3.29) and should satisfy (3.30), so that S2δ −φ will not be an integer multiple of pi/p. 
The maximum value of q is given by qmax in (3.31). 
 
 
               
 
              (a)                            (b) 
Figure 3.7:Two-phase FCPM-TFM with split distributed windings for q = 2                           
(a) Machine structure    (b) PMs number selection 
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To find the minimum value of q, i.e., qmin, an even number, h, should exist that will satisfy the 
relationship given by (3.32). 
Therefore, qmin  is given by (3.33). 
The number of possibilities of q for certain n-sectors per phase, Nq can be found by (3.11).  
To get the maximum number of sectors per phase, nmax that the machine can be constructed 
with, the relationship in (3.34) should be solved for n.  
After simplification of (3.34); n should be chosen as an integer that satisfies (3.35) and nmax 
will be given by (3.36) for all q such that 0δ 2 >φ . Similar to the three-phase machine, nmax in 
the two-phase construction is also a function of the number of poles. 
For only the values of q such that 0≥q , nmax will be given by (3.37). 
As in three-phase machine, for each value of q of a two-phase machine with a number of 
poles, there exists a positive integer, c, that enables the phase spans to cover a positive integer 
multiple of two pole pitches, given by (3.38). 
By substituting (3.27) and (3.28) into (3.38) the relationship between the number of poles, 
number of sectors and q to the multiple number of (2pi/p) can be derived as shown in (3.39). 
As in the previous sections, the minimum value of c is one and its maximum value is equal to 
Nq. The phase span for each part of 2-phase machine can be found out by applying (3.40). 
This equation assumes that each phase of the two phases have been divided into two parts. 
( ) 20 max <−≤ hq  (3.32) 
hqq -maxmin =  (3.33) 
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The suitable number of PMs for two-phase machine with 58 poles for n = 2 and q = 2 is 
shown in Figure 3.7(b).  It should pointed out that the presented mathematical approach for 
three-phase TFM is applicable for all values of n including n = 1. However, the mathematical 
formulations for two-phase TFM with n = 1 is not applicable for the other values of n. Figure 
3.8 shows the possible constructions of the two TFMs with 56 and 58 poles for segmented 
two-phase structures. The TFM with 56 poles cannot be constructed with n = 2, 4 or 7 
segments, since δ2φ-S will be of pi or 2pi electrical degrees or integer multiple of those angles as 
stated by (3.27). The result is no effective torque will be produced or in other words, one 
phase torque waveform with high peak value but with zero value positions will be the output. 
Consequently, it is impossible for TFM to be set in operation with a single phase winding. 
The other machine with 58 poles, shows that it can be constructed with all values of n, such 
that 14≤n . Different possibilities for the segmented construction are located for the phases 
with only one phase segment, where pi/2 electrical degrees exist between the phases. 
Moreover, the TFM with 58 poles can be constructed with two segments per phase and with 
the existence of a phase shift of pi/2  electrical degrees.  
 
    
Figure 3.8: Possible constructions of two-phase TFM in segmented configuration                       
(a) TFM with 56 poles (b) TFM with 58 Poles 
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Other values of n will require electrical supplies with phase shifts other than 90 degrees. For 
TFM with 26 poles shown in Figure 3.9, the maximum number segments per phase for two-
phase machine is six, furthermore different construction possibilities exists for n = 1 and 2. 
One segment per phase or two segments per phase can be supplied with normal two-phase 
supply (δ2φ-S = pi/2), where the terminals of the second phase should be swapped for n = 1, 
which is denoted in the figure by LN´. Summaries of two-phase TFMs with different number 
of segments are shown in Table 3.2 and Figure 3.10 shows the procedure used in finding the 
possible constructions for two/three-phase TFM segmented constructions.  
As a first design tip for segmented phase machine, the designer should know how many 
possibilities are available to segment the phase. Secondly; is it possible with this number of 
phase segments to supply the machine with ordinary electrical supplies. Thirdly; the available 
space for the winding should be realizable to account for the end turns in both radial, i.e., δ2φ 
or δ3φ and axial directions. This will limit the choice of number of segments per phase for a 
given air gap diameter and, therefore the fill factor and current density of the winding.  TFMs 
with big diameters and high axial lengths may allow more spaces for the end turns. The 
limitation of the segmented winding due to end turns will be more explained in Section 3.1.9. 
 
 
Figure 3.9: Possible constructions of two-phase TFM                                                                     
(in segmented configuration with 26 poles) 
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Table 3.2: Possible two-phase FCPM-TFM with segmented windings  
 
 Possibilities of segmented stator: Number of possibilities/q/phase span  
 
P 6 10 14 18 22 26 30 34 38 
 
2 
(1) 
-1 
2τp 
(1) 
0 
2τp 
(1) 
1 
2τp 
(2) 
0, 2 
4τp , 2τp 
(2) 
1,3 
4τp , 2τp 
(3) 
0, 2, 4 
6τp , 4τp , 2τp 
(3) 
1, 3, 5 
6τp , 4τp , 2τp 
(3) 
0, 2, 4,6 
8τp , 6τp , 4τp , 
2τp 
(3) 
0, 2, 4,6 
8τp , 6τp , 4τp , 
2τp 
3 
 (1) 
-5/6 
2τp 
(1) 
-1/6 
2τp 
 
(1) 
7/6 
2τp 
(1) 
11/6 
2τp 
 (2) 
7/6, 19/6 
4τp , 2τp 
(2) 
11/6, 23/6 
4τp , 2τp 
4 
(1) 
-7/4 
2τp 
 (1) 
-3/4 
2τp 
(1) 
-1/4 
2τp 
(1) 
1/4 
2τp 
(1) 
3/4 
2τp 
(1) 
5/4 
2τp 
(1) 
7/4 
2τp 
(2) 
1/4, 9/4 
4τp , 2τp 
5 
   (1) 
-1/7 
2τp 
(1) 
-3/10 
2τp 
(1) 
1/10 
2τp 
 (1) 
9/10 
2τp 
(1) 
13/10 
2τp 
6 
   
 
(1) 
-2/3 
2τp 
(1) 
-1/3 
2τp 
(1) 
0 
2τp 
(1) 
1/3 
2τp 
(1) 
2/3 
2τp 
7 
   
 
 (1) 
-9/14 
2τp 
(1) 
-5/14 
2τp 
(1) 
-1/14 
2τp 
(1) 
3/14 
2τp 
8 
   
 
  (1) 
-5/8 
2τp 
(1) 
-3/8 
2τp 
(1) 
-1/8 
2τp 
9 
   
 
   (1) 
-11/18 
2τp 
(1) 
-7/18 
2τp 
10 
   
 
    (1) 
-6/10 
2τp 
3.1.5 Three-Phase Surface Permanent Magnet Machine (SPM-TFM) in Full Phase and 
Segmented Phase Structures 
SPM-TFM can as well be constructed with segmented phase windings. Figure 3.11 shows 
three-phase SPM-TFM of 56 poles with full and split phase windings. When the phase 
windings of SPM-TFMs are segmented, two end-windings will occur for each phase segment, 
one between the phases, and the other at the back of the phase cores. The end-windings will 
add a significant effect to the leakage inductance of SPM-TFM. The PMs are placed on the 
rotor next to each other with opposite axial magnetization direction. The magnets in FCPM-
TFM, as already shown, have tangential magnetization directions to the rotor movement. 
Similar idea of the winding shape and the way of placement of the windings inside the stator 
has been shown in European patent application [K2] for two-phase TFM with an outer rotor in 
flux concentration topology. 
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Figure 3.10: Flow chart of possible constructions of two/three-phase TFM in segmented 
construction 
Chapter 3: TFM in Segmented Configuration           74 
 
         
Figure 3.11:Three-phase SPM-TFM with full and split windings 
(a) Full winding    (b) Split winding 
In this construction, the back end turn will be in direct contact to the stationary part of the 
machine. A similar machine with an inner rotor appears in [K3] for US patent application, 
where the back end turns are placed in the outer stator surface in a method to improve the 
cooling of the machine. Better utilization of the stator structure has been achieved in Figure 
3.12 compared to the patented construction, where the position of the back end winding has 
been changed in such a fashion to be an active component in the magnetic circuit rather than 
playing only a useless end turn role in the stator structure.  By reducing the number of end 
turns per phase from two side end turns plus another back end turn that spans the whole phase 
to only two side end turns, a positive effect is added on the power factor and consequently a 
reduction on the generated heat and the eddy current losses.  
                     
Figure 3.12: Three-phase SPM-TFM with full and split windings (without back end turns)    
(a) Full winding    (b) Split winding 
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3.1.6 Two-Phase Surface Permanent Magnet Machine (SPM-TFM) in Full Phase and 
Segmented Phase Structures 
Figure 3.13 shows realization of the displayed constructions in Figure 3.11 and Figure 3.12 
into two-phase configurations for full phase and segmented phase, respectively. Likewise in 
FCPM-TFM, the asymmetry of distances between the phases occurs in two-phase 
constructions with full phase sectors and is eliminated in those with segmented stator sectors. 
The question may rise here, whether the machine will rotate with such different distances 
between the phases, the answer is yes, however the ripple is expected to be relatively more in 
the torque waveform compared to equal in-between distances between the phases. 
                     
                      
 
Figure 3.13: Two-phase SPM-TFM with full and split windings (with/without back end turns) 
(a) Full winding    (b) Split winding 
3.1.7 Validation of the Design Approach Through Magnetic Equivalent Circuit  
In order to understand the behavior of the FCPM-TFM in segmented construction, a simple 
magnetic equivalent circuit (MEC) for two pole pitch segment has been developed at the 
aligned position, where no-load condition occurs and is shown in Figure 3.14. This method is 
considered as an approximation method for estimating the parameters and performances of 
TFM. In the construction, the flux produced by each PM will be divided into two parts, 
passing to the top and bottom stator poles across two air gaps. In order to complete the 
magnetic circuit, the PMs' flux will go through the stator core in transverse direction and there 
will be divided into four paths and will be directed via the stator side poles to four side air 
gaps to return back to the PMs.  
(b) 
58 PMs 
Number of 2 τp 
per segment is 6 
since q = 2  
Constructions 
without back 
end turns 
Constructions 
with back  
end turns 
Number of 2 τp 
 per phase is 6 
since q = 3  
58 PMs 
Distances between 
phases are equal  
Back end turn 
Number of 2τp 
 per phase is 13 
since q = 2  
56 PMs 
Distances between 
phases are unequal  
  (a) 
56 PMs Distances between 
phases are unequal  
Number of 2τp  
per phase is 12 
since q = 4  
Chapter 3: TFM in Segmented Configuration           76 
 
     
     
     
Figure 3.14: Equivalent circuit development for segmented construction of FCPM-TFM 
(under no-load condition, aligned position and with neglecting leakage flux and iron losses) 
(a) Two pole pitch segment   (b) Main flux lines   (c) Magnetic circuits 
 
This implies the existence of four magnetic circuits operating simultaneously as illustrated in 
Figure 3.14(b). In Figure 3.14(c) the magnetic equivalent circuits are shown, while the iron 
losses are neglected.   
By applying Amperes law, (3.41) and (3.42) will be derived. In order to consider the iron 
losses in stator and rotor, a factor equals∑
i
FeiFeilH has been added in (3.41)-(3.42). 
∑=Φ−⋅Φ−⋅Φ−
i
FeiFeigPMg
PM
PM
PM lHRRR 2
22
F c  (3.41) 
(b) 
R
o
to
r 
R
o
to
r 
Stator 
poles 
wPM 
ls 
hPM wrp 
(a) 
sr
l  
Four parallel 
magnetic circuits 
Winding 
1 
3 
2 
4 
RPM RPM 
RPM RPM 
2Rg 
2Rg 2Rg Rg 
Rg 
(c) 
2Rg 
2
PMΦ
 
(ii) Fc Fc 
Fc Fc 
2
PMΦ
 
2
PMΦ
 
2
PMΦ
 
FPM FPM 
RPM 
RPM 
RPM 
RPM 
2Rg 2Rg 2Rg 
2Rg 2Rg 2Rg 2Rg 
2Rg 
 (iii) Fc 
Fc 
Fc 
Fc 
2
PMΦ
 
2
PMΦ
 
2
PMΦ
 
2
PMΦ
 
FPM FPM 
RPM 
RPM 
RPM 
RPM 
2Rg Rg 
2Rg Rg 2Rg 
2Rg 
 (i) Fc Fc 
Fc Fc 
2
PMΦ
 
2
PMΦ
 
2
PMΦ
 
2
PMΦ
 
FPM FPM 
Chapter 3: TFM in Segmented Configuration           77 
where;  ( ) rPMoPMs
PM
PM
wl
h
R
µµ⋅⋅
= ;  ( ) orps
g
g
wl
l
R
µ⋅⋅
=   and  PM
rPMo
r hB ⋅=
µµc
F  
Through comparing (3.43) that is derived in Chapter 2 for FCPM-TFM with twisted U-core to 
(3.42); it is evident that both constructions will share the same topology in the MEC. 
However; the reluctances of the soft magnetic material in the stator and rotor will be the only 
factor which will make the major difference in gΦ . This implies that despite the big reluctance 
of the PMs, the reluctance of soft magnetic poles in stator and rotor will affect the air gap flux 
density. Basically; this machine construction is the same as FCPM-TFM with twisted U-core, 
where the magnetic path in the new machine has been divided into four magnetic circuits 
working at the same time. The upper two magnetic circuits should be supplied with a current 
in one direction; where the other bottom circuits should be supplied with a current flowing in 
a direction opposite to that of the above ones. The leakage flux paths in both constructions are 
apparently different and should be considered in analyzing this type of machines as it has 
been done for other constructions of TFM with ring coils in [D5]. 
By substituting Rg , RPM  and Fc into (3.42), 
where the flux concentrating factor, KM is derived in (2.34)-(2.37) and can be further 
expressed for the segmented FCPM-TFM by (3.45). Note that factor of 2 will not appear in 
(3.45), since half of PMs are considered.  
KM is an important factor in the design process. If it would be chosen less than one, then the 
flux concentrating principle will fail, i.e., the flux density in the air gap will not be more than 
the residual flux density of the PM. In order to calculate the no-load voltage; PMΦ  is required 
to be calculated. Note that part of this flux will link the turns of the coil, the other part will be 
wasted as leakage. Therefore, another factor to be introduced here Kl . In this manner, the flux 
linking a coil of one turn is given by (3.46). 
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The total flux linkage of series turns Ns-coil, λ is calculated by; 
At no-load, i(t) = 0. Therefore; the no-load induced phase voltage due to the movement over 
two pole pitch segment is given in (3.49). 
The no-load voltage due to the movement over p- pole pitch segments is given in (3.50), 
where p represents pole pair number. 
In case of segmented construction, p in (3.48) will be replaced by Qs as shown in (3.51), 
where Qs is the number of stator pole pair repeated segments in one phase per parallel 
magnetic circuit. 
where; ω is angular speed in electrical degrees and ωm is rotor speed in mechanical degrees 
expressed in radians/second. 
By substituting (3.52)-(3.54) into (3.50) and (3.51), phase voltage for a TFM-construction 
with ring coils and for the segmented configuration will be calculated as shown in (3.55) and 
(3.56); respectively. For one magnetic circuit (either top or bottom), ltΦ , stΦ  are fluxes 
linking one turn  of the phase winding. Therefore, lSN  and sSN  correspond to the number of 
series turns of the windings in layered (only number of turns of coils located at top) and 
segmented stator; respectively. nm is rotor speed in revolutions/minute.  
PMlt K Φ⋅=Φ  (3.46) 
 ttN Φ⋅=λ  (3.47) 
( ) ( )
dt
,id)t(iRte θλ+⋅=  (3.48) 
( ) ( )
dt
d
te p
θλ
=  (3.49) 
( ) ( )
dt
d
Npte tS
θΦ
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( ) ( )
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dNQte tSS
θΦ
⋅⋅=  (3.51) 
( )  
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ω
θ
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( ) ( )sec/ sec/ radprad mωω ⋅=  (3.54) 
( ) ( ) ( )( )radd
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mll S
.
60
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θpi Φ
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where indices l = layered and s = segmented are used.  
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Both equations shown in (3.55) and (3.56) are usually being utilized in the calculation via 
finite element analysis packages, where 
.mechθ  should be expressed in degrees as in (3.57) and 
(3.58) for both constructions, respectively. 
 
This can be expressed in the following general form; 
where;  
In case the flux linked one turn of the coil that spans over a two pole pitch segment is of 
sinusoidal waveform with a peak value of pΦ  as given by (3.61). 
since θ=ωt ; therefore by finding the derivative of (3.62) as follows. 
By substituting (3.62) into (3.55) and (3.56), a general form of no-load voltage for sinusoidal 
PM flux waveform will be derived as shown in (3.63). In a general form: 
By expanding (3.63): 
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where;  
The flux that links the upper side of the winding will be the same in magnitude as the one that 
links the bottom side, however both the flux linkages are in opposite directions. Both sides of 
the winding are connected in series , where one side appears as wounded in one direction and 
the other in opposite direction resulting in subtractive induced voltages while considering the 
sign. When leakage flux is neglected; the flux of stator pole ptp ΦΦ =  . The upper side of the 
coil will be linked with the flux coming from the upper stator pole and the upper halves. The 
lower side of the coil will be linked by the flux coming via the bottom stator pole. Therefore; 
the flux at one pole face can be estimated from the geometry of the machine as following: 
where; pΦ  is the flux entering one stator pole as the rotor moves over two pole pitch 
segment, 
 KB is the flux density factor and equals Arp/Asp, 
            Asp, Arp are pole areas of stator and rotor, respectively,  
and      Bgmax is the maximum value of flux density in the air gap. 
Note that this pΦ  comes from each 2τp segment spanned by one side of the winding. The Nt-
turns winding will be linked by 2 pΦ  in all stator poles will and the change of this flux with 
time through the rotor movement gives the induced voltage in the winding. Therefore, a factor 
2 is introduced in (3.66) to account for the effective flux entering the air gap coming through 
two stator poles. It can be depicted from (3.66) that the effective air gap area is the 
perpendicular area to the air gap flux shared by both the rotor and stator poles.  
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Where; Kxp accounts for how much stator tooth covers from the rotor axial length for one 
magnetic circuit. Ksp represents the percentage that one stator pole covers from one pole pitch. 
Therefore, by substituting (3.68) and (3.69) into (3.67), Asp will be: 
For case TFM with layered-phase stator lr is the total active axial length of one complete 
phase, however in case of segmented stator lr = m⋅lr, where m is the number of phases.  
Using (3.70) in (3.66) and the result into (3.64), the maximum value of the induced voltage, 
Em can be calculated in general approach as shown in (3.71). 
The pole pitch, τp can be defined by (3.70). 
Substituting (3.72) into (3.71) will show the effect of the number of pole pairs on the phase 
voltage as can be seen from the peak phase voltage, Em. 
Expanding (3.73) will result into (3.74) as follow: 
This can be reduced to (3.75). 
It is clear from (3.75)-(3.76) that the no-load induced voltage in segmented construction will 
be restricted by the span of the winding, however in case of layered structure all the pole pair 
segments will participate in the production of the voltage. 
Therefore, three possibilities can be realized from (3.75) as shown in (3.77). 
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The fill factor Kfill can be expressed in a more general form as in (3.78), while defining an 
area of one conductor as Ac and area of slot in the axial direction as Asx. 
The equivalent magnetic circuit for SPM-TFM in segmented construction will have two axial 
air gaps. This provides two effective air gap areas, which will increase the output torque 
productivity due to the increased store magnetic field energy in the air gaps. Figure 3.15 
presented a two pole pitch segment of the machine, change of flux lines and its simple 
equivalent circuit without considering leakage flux or iron losses for the aligned position. In 
order to add the iron losses; a factor of ∑
i
FeiFeilH is added in (3.83).  
The effective air gap area for two pole pitch segment, Ag is equivalent to (3.70). By 
comparing (3.84) with (2.2) and (2.6) for SPM-TFM conventional constructions given in 
Chapter 2; the iron losses will have lower influence on the magnetic path, moreover the effect 
of air gap reluctance on the air gap flux in the segmented design is reduced by 50%. 
lmsm
ss
ls
s
lmsm
ss
ls
s
lmsm
ss
ls
s
EE
N
N
m
pQ
EE
N
N
m
pQ
EE
N
N
m
pQ
>→⋅>
=→⋅=
<→⋅<
 (3.77) 







→
⋅⋅
→
⋅⋅
=    
onsconstructi segmented
onsconstructi layered
      
 fill
ssx
cspss
lsx
clpls
A
ANN
A
ANN
K  (3.78) 
                                     
( )
( )                                           segmented 
layered 
   
sssss
ssss



→−⋅⋅
→−⋅⋅
=
sl
sll
sx K1hw
K1hw
A
where Ksl is slot factor, wss and hss are width and height of slot, respectively. 
(3.79) 
Let;                                  lhss = ssh , then sssss 3hh =    (3.80) 







→⋅⋅
→⋅⋅
=
onsconstructi segmented9
onsconstructi layered
 fill
1
 fill
1
sp
s
s
lp
l
m
N
KQc
N
K
pc
E  (3.81) 
where;                    ( )sl
c
gsprxpBm
2
1 K1A
hw
BD.KlKKn
60
c −⋅
⋅
⋅⋅⋅⋅⋅⋅⋅=   
ssss
gmax
pi
 (3.82) 
∑=Φ−⋅Φ−⋅Φ−
i
FeiFeigPMgPMPMPM lHRRRcF  (3.83) 
Chapter 3: TFM in Segmented Configuration           83 
 
 
 
 
 
 
   (a)           (b)        (c) 
Figure 3.15: Equivalent circuit development for segmented construction of SPM-TFM   
(under no-load condition, aligned position and with neglecting leakage flux and iron losses ) 
(a) Two pole pitch segment   (b) Main flux lines   (c) Magnetic circuit 
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3.1.8 Nature of Magnetic Field in TFM 
The TFM is considered to be a kind of synchronous machines, since the rotor rotates in 
synchonisation with the speed of the stator magnetic field. However, the three-phase winding 
in the TFM stator does not produce any rotating magnetic field. It is known that when a 
current flows through a phase coil, it produces a sinusoidal magnetomotive force (MMF) 
waveform centered on axis of the coil, representing phase winding and if alternating current 
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flows through the coil, it produces pulsating MMF wave, whose amplitude and direction 
depends on instantaneous value of current flowing through the winding [S7]. The resultant 
MMF from applying three-phase alternating currents to three coils shifted mechanically by 
120 degrees will give rotating MMF in the air gap only under the condition that they are 
magentically coupled. This phenomenon does not show up in TFM as the stator phases are 
magnetically decoupled, i.e., no magnetic overlap exists. Consequently, the MMF in TFM can 
be described as a pulsating magnetic field, alternating with the instantaneous current value 
and stationary in space. Figure 3.16 shows the magnetic field pulsations in a cross-sectional 
view of 8-pole FCPM-TFM at the aligned position with respect to phase (a). 
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Figure 3.16: Pulsating magnetic field in PM-TFM with segmented stator (without PMs) 
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Each phase span has one 2τp segment and the phase windings are coiled in clockwise direction 
with displacement of 120° electrical degrees. In order to watch the changes of the magnetic 
fields due to the armature three-phase currents, the PMs are modelled as air. The mechanical 
angles θa, θb and θc represent any point in the air gap restricted for each phase by the interval 
[-τp τp]. The origin of θa is chosen to be the axis of phase (a), where the rotor is at the aligned 
position. The magneto-motive forces from each phase can be expressed, when the PMs are 
not considered as following: 
Figure 3.17(a) shows the magnetic field distributions considering effects of both PMs and 
three-phase currents. The instantaneous values of the applied phase currents can be found 
from the current waveforms in Figure 3.16. Obviously, the magnetic fields of PMs are 
dominant at this position and the air gap has eight alternating poles, south poles are in vertical 
and horisontal directions, while north poles appearing on diagonal positions. When the PMs 
are considered, the air gap field does not change with the change in the instantaneous values 
of the three-phase currents.  
Figure 3.17: Pulsating magnetic field in PM-TFM with segmented stator (with PMs)             
(a) Stationary rotor (b) Rotating rotor 
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This implies that when the machine is at the stationary state i.e., aligned position and supplied 
with three-phase currents, the PM-TFM will not start.In order to produce a driving torque, the 
sinusoidal three-phase currents should match the mechanical rotor position as can be seen in 
Figure 3.17(b). 
3.1.9 Limitations of the Design 
The PM-TFM in segmented construction for either SPM- or FCPM- TFM topologies has 
limitations; which should be well thought-out to comply with the design requirements for an 
application. Mainly; the distances between the phases that are located for the end windings of 
the phases, i.e., value of q; should be carefully chosen with the consideration of fill factor and 
current density of the winding. Basically; the value of the diameter and number of poles are 
deciding factors for locating adequate distances between the phases. Therefore; the designer 
should consider the correlation between all these factors through the segmented design.  
As shown in Sections (3.1.1)-(3.1.4), there exist a maximum number of phase segments which 
is a function of the number of poles of the machine and a numeric factor. This factor differs 
from two-phase to three-phase constructions.  
           
               
Figure 3.18: End windings in FCPM-TFM in segmented construction                                           
(a) Location of end winding   (b) Top view   (c) Side views    
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Figure 3.19: Wire illustration of end windings in FCPM-TFM with segmented stator 
Additionally, all the segments can have different span varieties of pole pair segments, which 
are obviously restricted by the space of the end windings, current density and the fill factor. 
Figure 3.18 shows the location of the end windings. Another important issue to be taken into 
account is; if the machine will be supplied by conventional converters that usually have phase 
shifts of 120 electrical degrees. In this case, the number of possible segmented constructions 
will be further limited. The voltage source of the converter should be chosen based on the 
magnitudes of induced phase voltages at no-load, which are in direct relation to the number of 
pole pairs assigned per phase. This implies that the factor c should be correctly assigned to get 
the induced no-load voltage that copes with the rated voltage of the converter.  
A wire illustration of the end turns is shown in Figure 3.19 for three full phase segments. As 
can be seen from the figure, the number of the end windings is double the total number of 
sectors in the stator and there are two spaces that should be calculated to account for each end 
turn; angular space related to the in-between distance, δ3φ  and axial space related to the slot 
area. The fill factor of this design is not only related to how many number of conductors can 
be inserted in the slot, moreover, it has to consider how many end turns sharing this space can 
be located inside the in-between distances. In fact, bending the coil conductors of the winding 
into the in-between distances and the slot insulation will have a negative impact on the fill 
factor. The slot axial area is given in (3.88) by Asx and the slot angular area, Asa is given by 
(3.89) for only one phase winding, where δ3φ is expressed in radians. It is assumed that half 
the total angular area is used per phase. 
( )slsx K1hwA −⋅⋅=  ssss  (3.88) 
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Note that Asa includes the total available area for the conductors and other spaces required for 
bending the turns. The insulation of the slot will reduce the effective area of the slot. This 
effect is included in (3.88) by the slot factor Ksl. The value of Ksl varies from 0.05 to 0.15. The 
volume located for one end winding of a phase per slot can be calculated by (3.90) and the 
total volume located for one end winding per phase is given by (3.91). 
The current density, J and fill factor, Kfill and are given by (3.92) and (3.93), respectively.  
where; Ia is the RMS value of armature current, Np is the number of parallel circuits, Ac is the 
area of one conductor and Ns is the number of turns in series. Another fill factor is suggested 
here to be considered, which is related to the angular space for the end turn and is given by 
Kfille in (3.94). 
Based on the slot areas, the machine designer should select the smaller fill factor either (3.93) 
or (3.94). The fill factor and current density are in practice given quantities and therefore both 
slot areas, Asx and Asa can be estimated from (3.88) and (3.89) ; respectively. In case of ring 
windings, the fill factor is calculated from (3.93) and usually taken as 0.5-0.6 [B18], however; 
for the segmented winding construction, the optimal fill factor cannot reach more than 0.4 due 
to the required space for the end turns. The number of turns should be chosen based on one of 
the fill factors, Kfill or Kfille. If Asa is chosen to equal Asx, which is recommended, then both the 
fill factors are the same. Otherwise, the number of turns should be estimated from the fill 
factor which is calculated from the bigger area. This case can rise with segmentation of the 
phases that reduces the angular area, Asa while keeping the axial area, Asx  unchanged. The end 
turns are not of equal magnitude as shown in the wire illustration of the windings in Figure 
3.19.  
The current density in normal transverse flux machine is at least 7A/mm2, which implies the 
requirement of a very good cooling system such as water cooling. Machines with smaller 
lengths and diameters can tolerate higher current densities better than large ones [P3], 
therefore the values of J is usually higher in small machines.  
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The use of high electric loading, ac creates a problem of heat dissipation. Since transverse 
flux machine is considered as a low speed motor; the value of ac is not of a big value as in 
high speed motors; where it reaches values of 10000 to 25000 and is normally calculated by 
(3.95); where Dg represents the air gap diameter. However, the electric loading in TFM can be 
expressed by the phase span too as shown in (3.96), which is found to be applicable for 
TFMs. Note for the segmented construction the phase span has not includes the space 
occupied by the end windings. The value of ac in FCPM-TFM with ring coils is in practice 
taken around 2000 A. turn/m, where its corresponding value for the segmented construction 
will be higher as can be depicted from (3.96). 
By substituting (3.92) into (3.96): 
The curvature of the winding differs from turn to the other turn; this makes the length of each 
turn different. Therefore, the mean length of one turn of the winding can be calculated by 
(3.98) based on Figure 3.18. The winding factor Kws, accounts for the turns bending space. 
The value of Kws varies from 0.01 to 0.2. 
As mentioned earlier; Θ3φ is the span angle of the active part of the winding and δ3φ is the 
angle between the phases occupied by the end turns. Both angles are expressed in radians. The 
total three-phase output power can be calculated by the following approach: 
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where; Kl accounts for the leakage flux, while Ke and Ki are current waveform factors that 
describe the ratio of peak to RMS values of the waveforms as done in [B18]-[B19]. 
The peak value of armature current, Im can be derived from the specific electric loading of the 
machine (3.97) and calculated as shown in (3.100), while considering the pole pitch, τp as 
given in (3.72). 
By substituting (3.75) into (3.99), the output mechanical power can be calculated as follows 
by (3.101).  
An expanded formula can be found by substituting (3.76) and (3.100) into (3.101) as shown in 
(3.102). 
The following proportional relationship can be deduced from the above equation: 
By substituting (3.97) into (3.102) and expanding the result, will give (3.104). 
Therefore; for the same volume and current density, the output three-phase power, Po-3ph can 
be expressed by (3.105), where Nt is total number of armature winding turns including series 
and parallel turns. 
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A comparison criteria for the two constructions can be derived based on (3.105), which can be 
summarized by (3.107) as following for m = 3:  
By substituting (3.78)-(3.80) into (3.104), a more general form for Po-3ph based on the 
machine dimensions can be obtained. 
where;  
Therefore; the comparison ceriteria will be: 
Suppose a TFM with segmented stator has 27 series turns per phase and each turn has 8 
parallel conductors, while the TFM with layered phase form has 23 series turns each of 4 
parallel conductors for one ring winding that is corresponding to ≈0.54 to 0.3 fill factors for 
both the constructions, respectively. For the same machine volume, current density and with 
these numbers of turns, it is expected that the TFM with the segmented stator that has Qs = 3, 
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will have an increase of ≈15% in its output power calculated by using (3.109), in comparison 
to the layered stator construction. However, the induced phase voltage in a phase of the 
layered machine will give ≈73% increase compared to the induced voltage of the segmented 
stator found from (3.81). By introducing a geometric form factor KL , in (3.112) for one 
magnetic path; and substituting it into (3.108); the output mechanical power will be developed 
and its value is proportional to the cube of the air gap diameter [B18] as derived in (3.113). 
Moreover; half the axial length of the machine is the effective length in terms of the 
segmented construction or layered constructions; since two parallel magnetic circuits are 
simultaneously in operation. Thus; simulating only half the axial length and multiplying the 
results by two will save much time in studying the torque productivity. 
As a result, the output coefficient of TFM is given by the cubic of the air gap diameter, 3gD  
[B18]. In a similar approach, the output coefficient of TFM in segmented construction can be 
calculated. The output coefficient; 3gD  can be derived by re-arranging (3.113) and is given by 
(3.114). 
A study of the effect of the fillK  on the induced voltage, output power and efficiency of both 
segmented and layered configurations will be numerically verified with FEM in Chapter 4. As 
it can be seen from above equations, the design in case of segmented construction has some 
constraints compared to the conventional phase placement method. These restrictions can be 
summarized as following: 
1) The space between the segments should be sufficient to elaborate the placement of the 
coils, which has a negative influence on the fill factor of the machine. Consequently, 
the fill factor in TFM with segmented stator is relatively smaller compared to 
machines constructed with ring coils. It should be calculated based on the available 
g
r
L D
lK =  (3.112) 
( )
( )


⋅
⋅
⋅⋅−⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅
⋅
⋅
⋅⋅−⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅
=
−
segmented 
layered 
gmax
gmax
ie
l
slssss
s
fill
3
gspxpBms
2
ie
l
slsssslfill
3
gspxpBm
2
ph3o
KK
KJK1hKBDKKKnQ
60
227
KK
KJK1hKBDKKKnp
60
23
P
η
ω
pi
η
ω
pi
 (3.113) 
( )
( )




→
⋅⋅⋅−⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅
⋅⋅⋅
→
⋅⋅⋅−⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅
⋅⋅
=
−
−
 
segmented
1227
 60
layered
123
 60
gmax
2
3
gmax
2
3
3
lslsssssfillspxpBms
iepho
lslsssslfillspxpBm
iepho
g
KJKhKBKKKnQ
KKPp
KJKhKBKKKnp
KKP
D
ηωpi
ηωpi
 (3.114) 
Chapter 3: TFM in Segmented Configuration           93 
space not only in the axial and radial directions that corresponds to the slot dimensions 
but also on the tangential direction between the phases. 
2) The concentric windings in saddle form will require a special wound mechanism, 
especially if the sector is in cone form. This will definitely add on the cost of the 
machine. 
3) Placement the phases in circumferential way and dividing the phases into different 
number of sectors can be achieved, however not any number of PMs will allow 
symmetrical distances between the phases and moreover; considering the utility of 
domestic three-phase frequency converters that is normally available in the market, 
will add to this limitation. Therefore, a probability chart is preferred to be done; in 
order to evaluate the existence of different variations of the segmented constructions 
as shown in Figure 3.3-Figure 3.4, or in a tabulate format as shown in Table 3.1 and 
extended in Appendix C. 
4) Based on the mathematical derivations, segmented PM machines have the advantages 
of high power density, light rotor structure, higher efficiency and highest modularity 
with concentric windings. However, they suffer due to end windings from poor power 
factor, high magnet content, complex machine in case of double rotor and double 
stator structures. 
General initial steps for the design of PM-TFM in segmented construction are shown in a 
flowchart format in Figure 3.20 and complete designs of SPM-TFM and FCPM-TFM 
with/without segmented stator are shown in Appendix D.  
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Figure 3.20: Flow chart of the general steps of the design 
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3.2 Comparison Studies through Finite Element (FE-) Analysis 
3.2.1 Comparison between Three-Phase Full and Segmented Structure Concepts 
In order to insure the operation of the machine, two constructions of FCPM-TFM machines 
with thirteen pole pairs have been simulated. The number of poles has been selected to ensure 
the easiness of locating the phases with the normal 120° and 60° phase shifts, based 
respectively on Figure 3.2(b) and Table 3.1. It should be clear to the designer that the selected 
number of poles can shift the operating point of the machine from effective torque 
productivity region to leakage region. That is why some pole numbers are suitable for a 
certain size of one TFM, but not for other volume of the machine. Through running several 
finite element (FE) simulations and examining the torque density productivity through 
calculating the torque constant [L8], the operating point of the machine is kept away from the 
dominated leakage region through selecting the correct pole number. This adds more 
limitation on the pole number selection for constructions with segmented phase windings 
besides the restrictions given in Sections (3.1.1) and (3.1.9). The reason behind this is, when 
the pole pitch is made too small relative to the diameter of TFM i.e., big number of magnets is 
used in a TFM that has a small diameter, then a big amount of the magnet flux will prefer to 
return to the magnet rather than crossing the air gap. Therefore, more leakage flux will be 
generated that will reduce the magnetic torque. Such phenomenon can be analytically 
explained by the torque constant. [L8]-[B17]. 
Basically, the torque constant is a factor that directly reflects the torque production capability 
determined by PM flux and geometry of the motor. The value of leakage flux coefficient, Kl is 
the ratio of the flux entering the bottom part of the C-core and the flux in the air gap per pole. 
Keeping the value of Kl near one will give better torque constant. It is basically a function of 
the number of pole pairs and geometry of the motor. An interesting remark in this correlated 
relation is that if the pole number has predominant effect on the torque production capability, 
then the torque density will increase with the increasing pole number in a parabolic form. 
Otherwise, Kl has the predominant effect, and increasing the pole number will result on 
decrease on Kl, and accordingly a reduction on average torque will take place. Thus, a specific 
number of pole exists which will allow maximum torque production capability for a given 
volume of a machine. Note this value should be within those values of pole number that 
appears on Table 3.1, for 3-phase full and segmented winding constructions. The torque 
constant, KT (Nm/A), which is a function of peak value of armature current, Im, cosine of 
torque angle, cos(θt) and average interaction torque, avT , is given by (3.115) [L8]. 
    ( )t
av
T θcos
TK
×
=
mI
 (3.115) 
The above equation can be expressed in other format as given in (3.116).                    
        ( ) lpT pp K   2
PK mPM Φ== λ  
(3.116) 
where,  Kl is given by (3.117).  
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where;  Φp is flux per pole, Φc is flux in core and λmPM is the peak flux linkage due to PM. 
Figure 3.21 shows a schematic illustration of the effect of the torque constant with the number 
of poles in TFMs for a given diameter and axial phase length. Strictly speaking, the best 
numbers of PMs, as it can be seen from the figure, has a wider range than the number of PMs 
that will push the TFM in the leakage region. It is stated in [B17] that the optimum pole pitch 
in TFM for a given diameter is 10-15mm. This implies very high number of PMs may not 
lead to higher air gap power, on the other hand only leakage fluxes and therefore reduction in 
air gap power. Achieving strong magnetic fields for a machine with a small volume with less 
weight, requires strong PM, thus rare earth permanent magnets type (e.g. NdFeB) have been 
utilized in the designs; where PMs are of parrellelogram shapes and the rotor poles are 
simulated as trapozoidal pieces.  
 
 
(a)                                                            (b) 
Figure 3.22: Three-phase FCPM-TFM with segmented stator windings                                         
(a) with full segmented windings  (b) with split segmented windings 
 
 
 
 
 
 
 
Figure 3.21: Torque constant effect in output torque 
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Figure 3.22 shows two FCPM-TFMs. The first one is with full and the other is with split 
segmented windings. They are designed with q = 2 and 5/3, respectively. Both motors are of 
similar geometrical sizes and undergo 3D- magneto static simulations. Flux density 
distributions are displayed in Figure 3.23 for both of them, while the rotor at a mechanical 
position of 50% of τp. Figure 3.23(a) shows the flux density for full winding variant and 
Figure 3.23(b) for split winding case. The flux density of the stator poles in one phase will be 
of a higher value than those of the other two phases, since the peak value of the magnetic field 
of the current for this phase supports the magnetic field of the PMs that presents at the 
mechanical position of 0.5τp. Cogging torque due to attraction forces between active PMs and 
iron parts in the stator, reluctance torque, due to saliency facing the air gap, interaction torque 
due to interaction between the magnetic fields of PMs and armature current are the torque 
components of the TFM, which are shown in Figure 3.24 for various rotor positions for only a 
2τp segment.  
Figure 3.25 shows the total three-phase electromagnetic torques generated in FCPM-TFM 
with full and split winding sectors. The torque components in FCPM-TFM with full segment 
and split segment windings are shown in Figure 3.25(a) and Figure 3.25(b), respectively. The 
torque variations are obtained from simulations of complete constructions of both the 
machines; compared to the outputs found from simulating only a two pole pitch segment after 
applying mathematical scaling.  Each machine has been supplied with three-phase sinusoidal 
power supply that can be figured out in Figure 3.25(a)-(b); where the phase shift in the current 
waveforms for the first construction is 120° and for the later is 60°. The applied current 
density in both constructions is 11.0 mm2 with fill factor of 0.3. The average three-phase 
torque for full winding structure has numerically achieved an increase of ≈42%, compared to 
its corresponding value for split phase structure (2.5 Nm). However, by comparing the 
number of repeated 2τp within a phase, the theoritical increase in torque is expected to be 
50%, since TFM with split winding segments has 4τp per phase, while TFM with full winding 
segments has 6τp. 
In the software Flux3D, the torque is calculated for only 2τp and then a factor of periodicity is 
automatically applied. Therefore, total output torque can be estimated by dividing the ouput of 
this simulation by number of pole pairs to get a resultant torque for only 2τp, though the 
construction is not periodical around the z-axis. Note that Figure 3.24 plots the torque 
components over 2τp of one phase, by scaling up this by a factor of three/two that corresponds 
to the number of  2τp per phase in full and split phase of FCPM-TFMs; the total phase torque 
will be establish as the machine has no distances between the phases.  
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Figure 3.23: Flux density in three-Phase FCPM-TFM with full and split stator phase segments 
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Figure 3.24: Torque components of two pole pitch segment 
    
 
Figure 3.25: Torque components of 3-phase FCPM-TFM with full and split stator phases 
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Since each phase in full winding structure covers 3 pole pairs i.e., 6τp and FLUX-software 
calculates the torque for 13 pole pairs despite simulating 2τp segment, therefore, the torque 
produced from simulating a periodical TFM of 2τp will be scaled by a factor of number of 2τp 
per phase divided by total number of pole pairs i.e., 3/13 to get the torque for each phase. This 
process is repeated for each phase, taking into account the mechanical phase shift between the 
phases. The effects of in-between distances can be deduced via comparing the outputs 
obtained from simulating 2τp to those found from simulation of the complete construction. It 
is worth to be mentioned here that the distances between the phases have no big influence on 
the generated output torque, which can be seen from Figure 3.25(a)-(b). The effect of these 
distances on the torque is only addition of ≈1% of peak value of total average torque [B7]. 
Generally speaking, the torque of a phase can be calculated by finding the product of the 
torque produced from one 2τp segment and the number of 2τp covered per phase. The cogging 
and reluctance components of torque in both constructions are of very small values and 
almost eliminated with splitted phase winding. Recenely, an attempt to reduce the cogging 
torque via implementation of a discrete skewing in a segmented stator has been investigated 
in [D4]; where it has been shown, the more the segments per phase are, the more effective the 
method is, in minimizing the cogging torque.   
 In order to see the effect of a different shape of the current waveform on the output torque 
shape, an electric circuit has been coupled to FCPM-TFM with full winding segments that 
operates with block commutating mode principle as described in details in Appendix E [B11]. 
By comparing the results shown in Appendix E with those found from applying sinusoidal 
current waveforms, the ripple amount is found to be higher in case of applying currents 
waveforms set via block commutating, which implies that shaping the currents will improve 
the variations of the torque waveform. 
3.2.2 Comparison of Segmented to Conventional Constructions 
The term 'conventional' used in this section is to refer to the construction that has ring coils. 
The proposed configuration of the motor with full phase winding is set in a comparative study 
via 3D-finite element (FE-) modelling, with a similar machine of a conventional structure. 
The mounting aluminium discs that are introduced on top and bottom of the FCPM-TFM for 
fixing mechanically the PMs and rotor poles together as shown in Figure 3.26; are considered 
in the simulations. 
Each phase of the conventional construction occupies one third of the total axial length of the 
segmented TFM and carries two ring coils that are coiled in opposite directions and connected 
in series. For each ring winding, the calculated fill factor is ≈0.58 that corresponds to eleven 
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series turns and eight parallel conductors per slot. That means twenty-two series turns with 
eight parallel conductors together per phase. However, the phase winding in the segmented 
stator has twenty-seven series turns with eight parallel conductors, which corresponds to a fill 
factor of ≈0.42. Although the number of turns in segmented constrution is more by 22.70%, 
the fill factor in layered FCPM-TFM is better, because the ring windings are relatively easier 
to be coiled and have no end turns between the phases.  
In this section, both the machines are simulated via magneto-static approach for laminated 
electric steel M270-50A with magnetising characteristics that are already shown in Figure 2.2, 
where the flux densities and electromagnetic productivity are compared. In order to study the  
contribution of each part of the machine in the generation of the magnetic torque, the torque is 
being re-calculated through finding the derivative of the stored magnetic energy in each part 
of the machine with respect to the angular rotor position. The methodology has been 
explained in details in Appendix B.2 for finding the cogging, reluctance and total 
electromagnetic torque in PM-TFM. During the analysis, the soft magnetic parts in stator and 
rotor are simulated again with a material called Soft Magnetic Composite (SMC), which is 
worldwide known to be the best suitable material that allows the 3D- flux passage [A4], 
however, the hysteresis losses in SMC materials are higher than the eddy current losses [S2]. 
The SMC contributions will be graphically illustrated for the purpose to see the differences 
between the laminated and pressed materials on the electromagnetic torque. Figure 3.27 
shows the modulus of flux density distribution, which is expressed in cylindrical coordinates 
for aligned, unaligned and intermediate positions for both layered and segmented TFMs with 
M270-50A material. The applied current density is 11A/mm2.  
 
      
 (a)           (b) 
Figure 3.26: Layered and segmented FCPM-TFM structures with 26 PMs                                       
(a) Layered construction (b) Segmented construction 
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Figure 3.27: Flux density distribution                                                                                              
(a) Aligned (d-axis) position (b) Unaligned position (q-axis) (c) Intermediate position 
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Figure 3.28: Comparison of torque in segmented (full winding) and layered designs  
 
At aligned position, the flux produced by the current will mainly pass through the air gap and 
the PM region, while at unaligned position; the flux will go through the air gap and only part 
of the PM region. The direction of rotation can be deduced via studying the flux density 
distribution at the intermediate position. From the difference of the adding up and opposing 
magnetic fields due to the PMs and armature currents on the stator poles as shown in Figure 
3.27(c), the occurrence of torque can be confirmed. The flux density in the middle of the 
phase phaseB  can be found by (3.116) as following [A1]. 
                       
mc
a
phase l
i⋅⋅
=
sNµB  (3.118) 
where, µ = permeability of the material, lmc = mean length of coil, Ns = number of series turns 
of phase, ai = armature current. Obviously, as the length of the coil in each phase for both 
TFMs is the same, the areas occupied by the coils are nearly the same, while the number of 
turns per phase in the segmented machine is higher. Therefore, the electric loading, mca li /N s ⋅  
for the segmented machine is higher than that of the layered structure by a factor ≈1.227 for 
the same axial length and armature current.  
The electromagnetic torque has been found from simulations of two pole pitch segments of 
both layered and segmented constructions and plotted in Figure 3.28. The recorded cogging 
torque is more in the layered machine, which has introduced higher ripple contents in the total 
torque waveform compared to the segmented construction. The reluctance component in both 
designs are too small. The total  torque from the segmented TFM has achieved an increase of 
≈20.0% compared to the layered principle that comes almost consistent with the factor found  
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from (3.116). The flux linkage of both sides of the saddle coil of the segmented TFM and 
thetwo series ring coils of the layered TFM are shown in Figure 3.29. The induced voltages 
are shown for a rotor speed of 200 rpm. In calculating the voltage; the flux from both sides of 
the saddle coil in the segmented construction and the flux from both ring windings in layered 
design, should be considered. The results agree with those obtained by applying (3.77). 
The contributions of the change in energy stored in the individual parts of both constructions 
for only M270-50A material by using the equations shown in Appendix B.2 are plotted for 
phase quantities over a period of one pole pitch. Note that the cogging torque of segmented 
machine is lower than in case of layered machine as illustrated in Figure 3.30.  
 
 
 
 
Figure 3.29: Flux linkage and induced voltage in layered and segmented designs                          
(a) Induced flux   (b) No-load induced voltage at rotor speed of 200 rpm 
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Figure 3.30: Phase cogging torque                                                                                 
(a) Layered TFM  (b) Segmented TFM 
          
 
Figure 3.31: Phase reluctance torque                                                                                           
(a) Layered TFM  (b) Segmented TFM 
The cogging torque component due to change of energy in air gap has no fine shape, because 
of the non-uniformity of the air gap surface that requires more mesh elements. The torque due 
to the armature current, reluctanceΓ  is obtained by the same approach for both TFMs and plotted 
in Figure 3.31. The reluctance torque of segmented machine is higher than in case of layered 
machine and is almost the same for both materials. Note that the contributions of energy 
change in air gap as well as due to flux linkage are of almost equal values, which results in the 
small value of the reluctance torque. The total torque is shown in Figure 3.32 for multi-layer 
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and segmented TFMs is derived from (B2.10) in Appendix B.2. The total torque of segmented 
machine is higher than in case of layered machine. It is clear that the change in the energy in 
the air gap and that due to the coil flux linkage play the major role followed by the change in 
energy of the PMs in the torque production. The three-phase total torque waveforms are 
plotted on the figure as well. The net interaction phase torque components as well as the 
average torque of the two constructions of TFMs are shown in Figure 3.33.  
 
 
           
 
Figure 3.32: Total phase torque                                                                                                      
(a) Layered TFM  (b) Segmented TFM 
           
 
Figure 3.33: Interaction phase torque                                                                                              
(a) Layered TFM  (b) Segmented TFM 
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For comparison purposes, the main torque components for SMC-Somaloy prototyping 
material have been shown on the figures too that has a reduction of ≈13.60% in the generated 
torque compared to the laminated construction.  
As a summary of this section, the proposed segmented TFM shows promising results. This 
machine has proved itself, through this study, to give higher torque density compared to the 
conventional TFM with layered phases. The tangential torque productivity from TFM with 
segmented phase windings is ≈ 3.30 Nm, while the FCPM-TFM with the layered structure 
have achieved only ≈ 2.76 Nm for M270-50A material; despite the better fill factor in the 
layered construction.  In Conventional layered-phase machine, the size of slot available for 
the winding is one-third that available for TFM with segmented windings. Despite almost 
77% of the magnets number is being used in TFM with segmented windings due to the 
unutilized distances located between the phases, the machine gives higher torque for the same 
current density, since it is capable to have more series turns in the phases. Moreover, the 
cogging torque has obviously been reduced, which adds an advantage in favor of the 
segmented structure. Therefore, FCPM-TFM with segments is considered to be a good 
candidate for a compact high torque motor. The new design shows better torque productivity, 
through the magnetic analysis that underlies the most suitable dimensions of the structure.  
3.2.3 Comparison of Laminated Models and Soft Magnetic Composite (SMC)  
Three-dimensional flux paths is the main characteristic of FCPM-TFM besides its high torque 
density compared to other high torque machines. Therefore, materials that allow the flow of 
flux in radial, axial and tangential paths are normally recommended. The effect of laminated 
structure is studied in comparison to Soft Magnetic Composite (SMC). Different models for 
the laminated structure have been employed to show the influence of the laminated structure 
on the performance of the machine, through investigating the effect of the direction of the 
lamination in comparison to SMC material, while considering the effect of the stacking factor 
of the material compared to simulating the material as a bulk steel.  
A model of the electric steel M270-50A magnetizing BH-curve has been implemented for the 
laminated structure of the stator. The model is designed by using (3.119)-(3.120) [F6]. 
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By adjusting the constants in the BH-model in (3.119)-(3.120), the knee adjusting coefficient, 
ak = 0.5 and the saturation level, i.e.,  Js  = 2.02;  then the BH-characteristics of M270-50A for 
low and high magnetic field strength values can be obtained similar to their corresponding 
values in the data sheet. 
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Figure 3.34: Magnetising curves models of laminated M270-50A and SMC material 
B and H are the magnetic flux density (Tesla) and the magnetic field strength (A/m), 
respectively, Js is the saturation level in Tesla, ak is the knee adjusting coefficient of the 
material BH-curve, µr and µo are the relative permeability of the material and of the air, 
respectively. Figure 3.34 shows the main BH-characteristics of M270-50A from the data sheet 
of the manufacture and the developed model used in the simulation as well as SMC-Somaloy 
prototype material described in Appendix G. The direction of laminations is identified via 
definition of a vector perpendicular to the plane of lamination [F6]. The laminations are 
modelled as an anisotropic medium and their effective permeability has been computed from 
the coupled Maxwell's equations in differential form as done in [W3]. 
In order to compare the effect of the laminations in the construction, four models have been 
investigated.  Model (0) has been constructed as previously from a bulk steel without a stack 
factor; and three other structural laminations models have been implemented and evaluated to 
validate the operation of the subroutine, which comes with the software. 
Model (1): Through introducing air volumes between the laminations. This approach requires 
fine mesh in these air volumes, which are of 0.01mm axial length, that correspond to the 
insulation between the laminations.  
Model (2): Insulation volumes have been virtually introduced between the laminations, taken 
into consideration a stacking factor of 0.98. This model will have fewer problems regarding 
the size of the mesh elements, though the laminated structure exists. 
Model (3): No laminated structure has been performed. The effect of laminations is 
considered by the definition of the material. Problems of meshing many volumes will be 
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significantly reduced, despite the effect of lamination has been taken into account. The three 
models are shown in Figure 3.35 and the analyzed regions are reduced to a half due to the 
symmetry. Only two pole pitch sections are shown. The thickness of the insulation is 
0.005mm per side for each lamination, while the thickness of the lamination is 0.5mm. 
Consequently, very dense mesh is required, which cannot be acceptable for the 3-D analysis 
from the point of computer resources. Therefore, Model (3) is introduced resulting in a 
reduced number of finite mesh elements less than ≈ 35%.  
It should be pointed out that certain FE- formulations should be adjusted as the ferromagnetic 
and magnetic regions are defined based on reduced or total scalar potentials. Magneto-static 
solver has been implemented in the simulations. The study has covered the flux density 
investigation over two pole pitch section and for the whole machine.  
               
 
                
 
 
 
 
 
 
                 (a)                    (b)             (c)         (d) 
Figure 3.35: Finite element models of the laminations                                                                    
(a) Model (0)  (322 238 nodes)  (b)Model (1)  (212 575 nodes)                                                       
(c) Model (2)  (212 575 nodes)  (d) Model (3)  (  91 725 nodes)       
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Figure 3.36 shows the modulus of the flux density in cylindrical coordinates for a period of 
two pole pitches for one phase of the three-phase segmented FCPM-TFM. Due to the applied 
symmetry, half of the axial length has been shown for all the models, where the phase is at the 
aligned position and excited with sinusoidal phase current. Model (0) that is shown in Figure 
3.35(a) represents the material, when laminations are not taken into account and shows higher 
flux density compared to the other models. The flux density distributions are very close in 
models (1), (2) and (3). 
The discontinuities that can be observed in Figure 3.36(b)-(c) are due to the interfaces 
between sheets and insulation layers and are smoothed by the uniformity of the material. 
Figure 3.36(d) illustrates that although the geometry is very simple and with the use of a 
reasonable number of mesh nodes, a very close representation of the flux density distribution 
to the real material can be achieved. Clearly, the flux density distribution in Model (0) is not 
similar to the other models, which might lead to errors in the design and torque prediction 
process. The study investigates the behavior of the complete construction of the FCPM-TFM. 
The mesh will be poor, if the insulation volumes are included in the laminated structure. As a 
consequence, Model (1) and (2) have not given the actual nature of the flux density and are 
not shown in this comparison.                                           
 
 
 
 
 
 
0.0                      Flux density (Tesla)                   2.5 
Figure 3.36: Flux density over two pole pitch section                                                                       
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Figure 3.37: Flux density distribution on TFM                                                                                
(a) Aligned (d-axis) position (b) Unaligned position (q-axis) (c) Intermediate position 
Only Model (3) has been applied to analyze the full machine, in comparison to Model (0) and 
the flux density distributions are shown in Figure 3.37. The three phases are excited by three-
phase current source of a phase shift 120° with a peak magnitude of 24 A.  
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The results are plotted for three positions, aligned, unaligned and intermediate positions, 
respectively. The level of shading is the same as that used in plotting Figure 3.27, where the 
range of flux density starts from 0 and ends up at 2.5 Tesla. Obviously, Model (3) shows 
higher level of flux density in the three positions, since the stack factor has been considered. 
This implies that considerable eddy current loss is generated at the insulated layers, which 
corresponds to the contact surfaces of the active material and required to be further 
investigated. Note that the BH-model of the material works reasonably for high flux densities. 
The study has been extended to cover the areas between the phases, via placing three grids in 
the middle of the distances located between the phases as depicted in Figure 3.38. The flux 
densities have been plotted for the aligned and non-aligned positions. Note that the mutual 
effects of each consequent phase are not of big values, especially on the areas between the 
phase coils, where the flux densities reaches null values.The correct model of the magnetizing 
curve plays an important role in predicting the flux density distributions, particularly, when 
the model predicts both the linear and saturation portions of the magnetizing curve correctly. 
The flux densities are expected to be lower than what is shown in Model 3, since applied BH-
model shows to work appropriately relative to the manufacturer BH-characteristics, when the 
values more than 1 Tesla. Therefore, another model can easily be set for studying the linear 
cases. 
Computations of electromagnetic torque are plotted on Figure 3.39 over one pole pitch period 
for phase quantities. Figure 3.39(a)-(c) illustrate the cogging, reluctance and interaction 
torque components, respectively. The addition of the these three components will give Figure 
3.39(d), or in other words, the subtraction of cogging and reluctance torques from Figure 
3.39(d) will give Figure 3.39(c). The three torque components of the three lamination models 
show similar behavior. However, Model (0) shows higher value than the other models, while 
the effect of laminations are not considered. Similar observation can be deduced from Figure 
3.39(d) for the total phase torque. A reduction of 6% in the total torque is caused due to the 
laminations. Having data sheet BH-curve considered, the output torque is expected to be 
reduced by almost this percentage. Therefore, through implementing the subroutine 
USR_DBDH from Flux3D software, a model for the magnetizing curve will be developed, 
while three points should in advance be provided, i.e., saturation level, knee coefficient and 
relative permeability with specifying the direction of lamination and the stack factor. Since 
the direction of laminated structures can easily be included by the user, this will facilitate the 
study of different direction of laminations while working in magneto-static application. 
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Compared to previous work, the models provide reasonable accuracy; and the value of the 
torque of the laminated structure reaches ≈ 94% of the unlaminated one. SMC materials have 
revealed lower output torque than the steel and when the laminations are considered, the level 
of the torque will be reduced and might reach the level of SMC construction as given in [B9].  
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Figure 3.38: Flux density distribution on grids                                                                              
(a) Position of grids  (b) Aligned (d-axis) position  (c) Unaligned position (q-axis) 
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(a)             (b) 
           
   
(c)       (d) 
Figure 3.39: Electromagnetic torque                                                                                                
(a) Cogging, (b) Reluctance torque (c) Interaction torque  (d) Total torque 
It is clear that SMC could have produced better torque if the stator poles are re-constructed 
with larger surfaces that face the air gap, which is difficult in case of laminated structure. 
Although the calculated results underestimate the performance, as the BH-model of the 
material should agree with manufacturer data sheet data, the tendencies agree well with the 
original model. 
3.2.4 Comparison between Three-Phase FCPM Segmented with SPM constructions 
As the design principle of the geometrical segmentation in FCPM- and SPM- TFMs is the 
same, the rotor of the FCPM-TFM with segmented stator has been replaced by a rotor with 
surface PMs and a rotor ring core as can be seen in Figure 3.40(a), while the stator is kept the 
same. The flux density distributions at unaligned position of phase (a) without and with three-
phase supply are respectively shown in Figure 3.40 (b), where phase (a) is at peak current 
value in the later case. The direction of flux density in 2τp segment illustrates that the 
magnetic equivalent circuit (MEC) of one magnetic path of this TFM is similar to that of 
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SPM-TFM with twisted U-core shown in Figure 1.7(d) as has been developed in Appendix 
D.1 for full axial length 2τp segment. Cogging and air gap torque components are shown in 
Figure 3.40(c) as the rotor turns over 2τp period. The waveforms are obtained from a 
simulation of the whole machine without including the mounting inactive discs. By 
comparing the average three-phase electromagnetic torque produced by both the FCPM- and 
SPM-TFMs with segmented stators of full windings (Figure 3.25(a) and Figure 3.40(c)), there 
is an increase of ≈65.0% in the average torque recorded for the FCPM-TFM with segmented 
stator. This indicates the benefit of flux concentration, especially the reluctance and cogging 
torque components are relatively smaller in this FCPM-TFM. The induced no-load voltage in 
SPM-TFM is smaller by ≈63% compared to FCPM-TFM as can be depicted from Figure 3.41 
as the rotor moves with a speed of 200 rpm. 
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Figure 3.40: SPM-TFM with segmented stator                                                                          
(a) Mesh of SPM-TFM with segmented stator (b) Flux density at aligned position 
with/without current (c) Electromagnetic torque and componenets 
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Figure 3.41: Flux linkage and induced voltage in segmented SPM- and FCPM-TFMs                         
(a) Induced flux   (b) No-load induced voltage at rotor speed of 200 rpm 
3.3 Distribution of Unbalanced Magnetic Forces in PM-TFM 
In this section, the unbalanced magnetic forces by solving Maxwell stress tensor via utilizing 
magneto-static domain with FEM will be presented. In general, the torque and unbalanced 
magnetic forces in permanent magnet machines are resultants of the tangentia; and both axial 
and normal magnetic forces, respectively. Those are influenced by pole-teeth-winding 
configuration. Based on the air gap magnetic flux density componenets that are expressed in 
cylindrical coordinates; the magnetic forces can be derived as shown in Appendix B.3. 
Calculating the magnetic field components in the air gap, has required an introduction of a 
2D-cylindrical grid in the middle of the air gap, whereby good estimations of the forces can 
be found. Having obtained the same tangential torque component from both the software and 
by the 2D-grid method; this verifies the application of the estimation method for other 
magnetic forces. The magnetic forces are found from two pole pitch segment; then scaled and 
shifted to account individually to the forces generated in each phase sector. Since the 
generated magnetic forces on the stator is rotating as the rotor turns; the variations of the 
normal forces will be described in a polar form; besides the graphical illustration of the 
normal and axial forces for no-load and load conditions. The maximum and minimum 
positions of the normal forces acting on the outer rotor with respect to the stator will be 
identified too. 
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3.3.1 Overview of Finite Element (FE-) Approach 
Estimation of electromagnetic torque and normal forces has been a subject of interest in 
segmented FCPM-TFM due the asymmetrical air gap surface seen by rotor, besides the 
nonlinearity introduced by the magnetic saturation. Bascially, the distribution of the windings 
around the stator breaks the constructional symmetry in FCPM-TFM that is built in 
segmented configuration. The main disadvantage of FCPM-TFM, even in the relatively 
symmetrical considered layered constructions, is the high level of torque pulsations as a 
function of rotor position, which is the main cause of noise and vibration. Therefore, studying 
and estimating the level of vibration due to the normal forces is necessary to update the drive 
controller to inject adaptive currents that compensate nearly these torque pulsations.  
There are different methods to calculate the magnetic forces in electric machines, such as via 
virtual work based on partial derivatives of the magnetic co-energy with respect to rotor 
position as shown in the previous section; and Maxwell stress tensor based on magnetic field 
components, magnetizing current and magnetic charge methods, which are theoretical 
equivalent to Maxwell tensor method. The local forces can be computed by Lorenz formula 
J×B in the conductors and by (–½H2 grad µ) in the magnetized materials as done in [R5]. As 
the magneto-static field generated by TFM is governed by the set of Maxwell’s equations, 
therefore, these equations can be solved using FE- method. In particular, a non-uniform 
distributed force per unit area at the interface between two materials can be calculated using 
the Maxwell stress tensor. 
Magnetic force analysis has already been addressed by a number of investigators. Several 
different methods to calculate the torque at different rotor angular positions based on the 
quasi-static magnetic field are presented in [M2] and [M6], where experimental verifications 
have been illustrated. The driving frequencies of magnetic force, cogging torque and 
commutating torque are expressed in [J2] as a function of pole, teeth and phase.  A study of 
the torque and unbalanced magnetic forces in asymmetrical design of brushless DC motors is 
conducted in [J3], where it is analytically proved that the normal magnetic forces are canceled 
out, due to rotational symmetry in symmetrical rotational design. The normal forces in surface 
permanent magnet synchronous linear motor with Halbach array is studied in [H10] by means 
of an analytical method with magnetic scalar potential, where minimization of their 
magnitudes have been achieved with the aid of genetic algorithm.  
In the following sections, the flux density in the air gap is studied as well as their 
contributions on the force components are investigated via a magneto-static study covered by 
FEM. The components of flux density in the middle of the air gap are expressed in radial, 
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tangential and axial components, i.e., in cylindrical coordinates. The integral of the product of 
the flux density components in radial and tangential directions ( θBBr ); which is proportional 
to the torque as given in Appendix B.3 by (B3.5) and (B3.7) will be displayed. The normal 
forces requires the calculation of the algebraic sum of 2rB , 2θB  and 2zB  as given in (B3.4) and 
(B3.8). For Axial forces calculations, the integral of the product of radial and axial 
components of the air gap flux density ( zr BB ) should be found as expressed in (B3.6) and 
(B3.9) and their variations with the rotor movements will be further explained. Figure 3.42 
illustrates the procedure followed in calculation of the magnetic forces in the TFM. 
3.3.2 Flux Density Components in Cylindrical Coordinates 
It became evident that the air gap surface from the rotor side will be of non-smooth shape due 
to the existence of the trapezoidal rotor poles and the parallelogram shapes of the PMs in the 
outer rotor. Thus, a deleterious effect on both the detent torque and the magnetic flux 
variations will be expected. 
Full axial model was required to analyze the rotational unsymmetrical motor, which did not 
have periodical boundary condition around the shaft. Since the magnetic flux is concentrated 
in the air gap, particularly at the corners of the poles, it is necessary to have a fine mesh in the 
air gap and the corners of stator poles and sides of rotor poles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.42: Procedure used in calculation magnetic forces in TFM 
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Figure 3.43: Placement of 2D-grid in middle of air gap 
The total number of nodes and volume elements in a 2τp-segment are 637384 and 464609, 
respectively.A cylindrical 2D- grid is placed in the middle of the air gap as can be seen in 
Figure 3.43, where the flux density components in cylindrical coordinates are plotted and used 
in the calculation of the force components. The average output torque and the output torque 
pulsations of PM motors depend on air gap flux density waveform produced by the magnets. 
This waveform is affected by magnet shape (arc and height), air gap length, number of poles, 
and the direction of magnetization of the magnets [B21]. In order to get an accurate 
knowledge of flux density waveform, the mesh should be relatively fine on the surface of the 
grid, so that it can correctly predict the flux density components. Precisely speaking, the 
magnetic flux density tangential component, Bθ, has to be correctly estimated by FE- method, 
since it is generally of very high irregular shape when number of mesh elements is small, 
whereas the normal component is less sensitive to the discretization density and the axial 
component is of a very small value that will not have much effect on the output values if it is 
ignored. The number of discrete elements on both θ- and z- directions of the grid are set to 
800 elements. 
The radial component and the modulus of the air gap flux density over the grid are shown in 
Figure 3.44 for three positions of the rotor; aligned, unaligned and intermediate positions (as 
the rotor displacement is 0.7τp). Three case studies are shown for each position, the current 
effect, PMs effect and the interaction effect between the PMs and armature current. 
Obviously, the flux distribution occur over the areas that faces the stator teeth i.e., poles, 
otherwise, almost zero quantities of the flux density components will show up.  
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(a) PMs are set to air  (Current effect) 
  
 
 
 
 
 
 
 
 
 
 
 
 
(b) No- load condition (PMs effect) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) Load condition 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.44: Radial component and modulus of air gap flux density at different positions 
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Therefore, it can be deduced that the effective area of the air gap stands for the stator poles, 
however, placing the grids sized with stator pole areas will not lead to quite correct estimation 
of the flux density components required for force calculations.  
With this configuration, there is a negligible interaction between phases regarding magnetic 
coupling. For the analysis, the zero degree position is defined at the rotor aligned position. 
The flux density profiles are symmetric across the surface of the stator tooth at the aligned 
and unaligned positions. For position values between the aligned and unaligned positions, the 
flux levels are unsymmetrical, with a slope that varies with rotor position and phase current. 
This agrees with the investigations of switched reluctance motors shown in [M4]. 
The air gap flux density components over the grid as a function of rotor angular positions, are 
plotted in a graphical form as the rotor turns for two pole pitch period in Figure 3.45. Since 
the product of the radial and tangential components is important, when Maxwell stress tensor, 
the product expressed in elementwise approach and plotted on the same figure too. The results 
are very sensitive to discretization density and integration grid. This sensitivity is linked 
mainly to the very high irregularity of the tangential magnetic flux density component. In fact, 
the normal component distribution is less sensitive to discretization density and the location of 
grid as well.  
The product of normal and tangential components is even more sensitive to discretization 
density and grid location than either component separately, which appears as a reassuring 
result, since it coincides with what references [H12], [M6] indicate for the calculation over a 
closed contour. The modulus of the flux density is of minimum value at the aligned position 
and they achieve maximum values in the air gap at the unaligned position as shown in  Figure 
3.45(b)-(c). The tangential field component mirrored itself over the aligned position and it is 
hypothesized that this component for approximating Maxwell stress tensor is proportional to 
the gradient in the magnetic field magnitude. The normal and tangential flux density 
components will change for all cases in Figure 3.45, from odd to even functions, respectively. 
Simulating half of the axial length of two pole pitch segment will give a relatively correct 
prediction of the normal and tangential components of the flux density in the air gap, whereas 
the axial component will not be correctly estimated as the boundary conditions, in case of half 
axial length simulation, will be incorrect. Therefore, it is recommended to not apply the 
symmetry, when calculating the axial component, though estimation errors will occur, which 
will later cause estimation errors in the calculations of the normal and axial force components. 
A comparison of the flux density components over both half and full grids is done and shown 
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at the end of Appendix B.3, where the axial flux density components on the half and full grids 
show dissimilar values. 
3.3.3 Electromagnetic Torque (Tangential Force) 
Since the tangential force component depends only on the radial and tangential components of 
the air gap flux density, half axial length simulation can correctly estimate these two 
components and therefore, the torque is obtained from integrating the product of the radial 
and tangential components of the flux density over the area of a grid located in the middle of 
the air gap having half the axial length of the TFM. Therefore, The numerical integral the 
products BrBθ shown in Figure 3.45(a)-(c); will give each component of the tangential torque 
in a 2τp segment. The plot of the forces over angular positions in two pole pitches have been 
calculated, while a 3-phase sinusoidal current of 120° phase shift is applied with a peak 
current of 24 A. 
The results from the 2D-grid method are consistent to the outputs obtained directly from the 
software as derived for the phase quantities in Figure 3.46; in which the torque components 
are normally found by the software via co-energy principle as given previously in Section 
3.2.2 and derived in Appendix B.1. Therefore, the 2D-grid method has been extended in the 
next sections to evaluate the other integrals shown in Appendix B.3 that present the other 
magnetic forces that exist in the FCPM-TFM. It should be emphasized that the utilized grid 
method has estimated the variations of the torque as a rotor moves within a 2τp segment, 
therefore the effects of the distances between the phases are not included in the study. 
Generally, the torque is proportional to the square of the modulus of the flux density in the air 
gap. The flux concentrating effect can be easily shown by replacing the steel poles in the rotor 
by air volumes. The output torque generated with steel poles will be of C2 times the torque 
produced in a case that the steel poles are replaced by air volumes.  
Note that the air gap flux density, Bg will be equivalent to the PM flux density, when the rotor 
poles are replaced by air volumes. The constant, C is calculated from MEC in Chapter 2 via 
equation (2.37) and the result is expressed in (3.121), with lg = 0.88mm, hPM = 4mm, KM = 
2×1.67 and µrPM =1.25. This results a value of C = 1.827 and quadratic of this factor is 3.34. 
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Similar outcome is found via FEM as illustrated in Figure 3.47. The peak value of the torque 
reaches 3.31Nm with electric steel poles. However, the torque attains ≈0.94 Nm with air 
poles, which is of a factor ≈3.5 relative to the steel poles.  
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Figure 3.45: Components of air gap flux density over two pole pitch                                             
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Figure 3.46: Phase torque components 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.47: Flux concentrating effect illustration 
Note that by dividing the total axial length of the PM (considering the mechanical cuts) by its 
radial width; a factor of ≈3.6 will result, which can give a short cut indicating the expected 
output torque. Note that by introducing 2D-grids inside the core and the PM, perpendicular to 
the magnetization direction, and by integrating the flux density over these grids; estimations 
of the induced voltage and the cogging torque can be respectively found [B14], [L8]. 
3.3.4 Normal forces 
The normal magnetic force in the air gap produces the unbalanced magnetic resultant.  This 
resultant does not exist in rotational symmetric design because the normal forces are canceled 
out due to the rotational symmetry. The normal forces can also be minimized by introducing 
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segmented structure, where each phase is splitted into two parts facing each other as shown in 
Section 3.2. The normal forces are obtained via evaluating the integral shown in Appendix B 
in (B3.8) over a full axial length grid. The maximum position of the normal force clearly 
rises, when the rotor approaches the overlap position in one pole pitch, while the minimum 
position occurs at the same position, however, in the second pole pitch. This is shown in 
Figure 3.48, where the forces produced from PMs will show up at the aligned position. A DC 
component of ≈0.065 N appears owing to the attraction forces at the aligned and unaligned 
positions of PMs. Clearly, the PMs playing the most important role in the production of the 
normal forces. The three-phase resultant normal force waveforms shows a sinsusoidal 
pulsating pattern with a frequency of six times the frequency of the supply current.  
The maximum amplitudes of the resultant normal force appear at the maximum values of the 
three-phase currents, however, they are smaller than their corresponding values, when the 
only effects of the PMs are considered. This implies that the normal forces due to armature 
currents will participate in reducing the effects of PMs. On the other hand, the interaction 
fields effect is still big. The major causes of the normal forces are the PMs and the interaction 
fields flux density components. The normal forces are expressed in polar form as the rotor 
finishes 2τp of one revolution period and the patterns are shown for the no-load, currents, 
fields and total effect cases in Figure 3.49. The three-phase resultant normal forces will move 
around the perphery of the rotor and will finish two rounds as the rotor finishes a movement 
of only 2τp segment (≈27.692 mechanical degrees).  
 
 
Figure 3.48: Axial forces due to PMs, currents and total effect 
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Figure 3.49: Normal forces faced by the rotor as it moves over two pole pitch period 
The normal forces due to PMs and the interaction of the magnetic fields are obviously having 
the foremost contributions in the total normal forces. 
3.3.5 Axial forces 
In general, the existence of the axial magnetic forces is due to the variation of permeance of 
mutual and leakage flux paths and its nature depends on the inductance variations. Evaluation 
of the integral in (B3.9) with full axial grid length investigation is plotted Figure 3.50. The 
axial forces may aggravate the damage to the bearing, therefore assessment of the axial forces 
is worthwhile. The axial forces show higher amplitudes compared to the normal forces as 
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shown in Figure 3.50. They oscillate in random behavior with big peak values. Therefore, 
approximated filtered curves have been plotted on the same plot. It is found via comparing the 
level of the axial and normal forces that the axial forces will reveal higher instantaneous 
amplitudes.  It should be pointed out that the axial force can be determined by the virtual 
work method as well as done in [C8] and can be defined as algebraic sum of the forces due to 
displacement of the rotor in axial direction.  
As a summary, it is found that in studying the normal and axial force components, the length 
of the 3D- cylindrical grid should be the same as the total axial length of the machine, so that 
the boundary conditions can be set correctly as illustarted in Appendix B.3. Otherwise, 
misleading results will be produced. In the study, end turn effects are neglected because the 
winding length in a slot is large relative to the end turn length and its small influence on the 
output torque has been already shown in Figure 3.38. Moreover, the axial force component is 
the same as its corresponding value obtained in cartesian coordinate system. The axial forces 
have the biggest contributions of the magnetic forces in the machine. This art of forces have 
been noticed during the assemble process; where the attraction forces were directed towards 
the bottom, once the stator is just to be placed inside the rotor. 
 
 
Figure 3.50: Axial forces due to PMs, current, interaction field and total effect 
3.4 Eddy Current Losses in PM-TFM for Laminated and SMC Constructions 
3.4.1 Laminations 
Since the magnetic field in TFM is of a three-dimensional, 3D pattern, this will initiate the 
occurrence of eddy currents in the parts of conducting materials of the stator, rotor, coil 
Approximated 
curves 
Angular position (Multiple of pole pitch) 
Co
m
po
n
en
ts
 
o
f a
x
ia
l p
ha
se
 
fo
rc
e 
(N
) 
 
Due  to PMs 
Due to ia 
Due to fields 
Total effect  
Curves from numerical 
integrations 
Chapter 3: TFM in Segmented Configuration           128 
conductors, aluminium housing and in the PMs too, where magnetic fields exist in 
perpendicular direction to their planes. Consequently, an apparent reduction will take place in 
the resultant output torque and efficiency. Under this section, a study of these losses is 
presented through 3D time stepping transient analysis approach. Pre-investigations are carried 
out on different stator laminations of the machine to show the feasibility of the software via 
steady state AC magnetic and transient domains are shown in Appendix F. Most of the losses 
in TFM are ohmic losses in coils and losses caused by eddy currents in conducting materials. 
The ohmic losses can feasibly be calculated through the knowledge of the currents; however, 
an analytical description of eddy current losses is not possible [R7]. In particular concern, the 
main location of the eddy currents are in the PMs. Dividing the PMs in the axial direction in a 
reasonable number of parts, proved to reduce the eddy currents in the PMs [Y1]. Eddy current 
losses in the permanent magnets of brushless DC machines have been studied in [M1] using 
Flux3D for the case of axially segmented PM configuration. Eddy current losses in 
conductors are influenced by the geometrical design of the windings as it has been presented 
in [C3] for switched reluctance machines, where they superimpose the torque producing 
conductor current. Skin, proximity and pole tip effects contribute as well to the total eddy 
current losses.  Using soft magnetic composite material, SMC in the soft magnetic parts of the 
stator and rotor, will reduce these losses in the solid conductors and magnetic conducting 
materials [A4], [R3]. In reality, SMC materials can be optimised for optimum flux density or 
minimum material losses that can be found in Appendix G.  The laminated structures in TFM 
suffer from eddy current losses due to the 3D field, although through the laminations, some of 
the eddy losses in certain directions are reduced. A comparative study of 3D-flux in electrical 
machines, i.e., claw pole and TFM of SMC is done in [Z1] and [B6] to investigate the 
potential of the SMC materials. Optimization of stator construction improves the performance 
of the machine and to reach an optimum stator design, the induced eddy current losses should 
be investigated. Through introducing slight cutting lines to hinder the induced currents around 
the magnetic flux paths, this might improve the machine efficiency, though it reduces the 
magnetic field. Orienting the direction of steel lamination along with the flux direction in the 
stator i.e., lamination concept, will reduce the eddy currents while keeping the permeabilty 
high relative to SMC stator [G1], [M5], [S6], [S10].   
In this section, the eddy current losses have been studied for the laminated structure of the 
stator in FCPM-TFM. The stator consists of non-oriented grain electric steel laminations [T2], 
M270-50A and it is shown in Figure 3.51. At the begining, the flux cross the air gap entering 
the stator poles in a radial direction that is parallel to the laminations i.e., superior to reducing 
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the eddy currents. However, in order to complete the magnetic path, they enter the stator core 
transversally, wherein the problem of eddy current occurs. Cutting the laminations in a 
modulated C-shapes would be the best solution, however, the uniform thickness of the 
laminations will obstacle their placement in a curved structure. An introduction of a mounting 
cage to hold the laminations, could be a solution.  An idea to construct a special flux path 
shape on the lamination will instigate heavy mechanical difficulties and therefore, an increase 
in the production costs. Other eddy current losses in PMs and the aluminium mounting discs 
are demonstrated through the study. The calculation of eddy currents in the stator core of 
FCPM-TFM is done using a 3D time stepping approach based on the finite element method, 
FEM [L2], [R6]. A transient edge based solver is used, which requires that the eddy current 
regions to be meshed with fine mesh elements. Following this approach, computations are 
done through simulating the machine by using magnetic transient stepping algorithm.  
FEM is a powerful tool when calculating electro-magnetic fields. The induced currents in the 
conducting materials by a changing magnetic field are possible to be calculated with different 
vector or scalar potentials and nodal or edge approaches.  A time harmonic approach can be 
applied when the geometry is not changing and sinusoidal currents are used.  Flux3D software 
enables studying the eddy current losses, skin and proximity effects through utilizing transient 
/steady state AC magnetic applications. The eddy currents and power losses by Joule effect 
analysis via steady state AC magnetic application can be done in a harmonic state for a given 
frequency. Under this application, the equations of the magnetic, B
r
 and H
r
 and electric fields 
E
r
 and D
v
 cannot be de-coupled, unless low frequency is being used. Although skin and 
proximity effects in the conducting regions will be considered, some limitations should be 
obeyed to work under this analysis, such as the magnetic fields are restricted to be sinusoidal 
and those created from PMs cannot be simulated under this domain. Additionally, the 
materials should be modelled as linear magnetic materials, while the non-linear characteristics 
of the materials will cause the quantities to be non-sinusoidal, which is not a characteristic of 
this application. A method based on energetic equivalence allows modelling the nonlinear 
characteristics of the magnetising curve, where the results will be in a certain limit as 
approximation [F4]. Solving Maxwell equations under this application requires two models, 
magnetic vector and scalar potentials. The magnetic transient domain application can be as 
well used to study the phenomena of eddy currents created by a time varying magnetic field. 
In contrast to the steady state AC magnetic application, the magnetic fields found from 
variable currents or PMs can be studied. As in previous method skin and proximity effects are 
considered.  
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Figure 3.51: Laminated construction of stator                                                                                  
(a) Stator and laminations      (b) Stator with windings and location of stator 
Whereas the steady state AC magnetic application cannot be used for cases with kinematical 
coupling; transient application will allow this coupling. Moreover, the heat distributions due 
to eddy currents losses can be done by implementing thermal analysis via AC magnetic 
coupled with 3D transient thermal model. For 3D applications, scalar formulations are 
normally used by the software for steady state AC magnetic and transient analysis. In order to 
get losses by Joule effect, P, a scalar model relative to solid conductor regions with possible 
eddy currents are solved [F4].  
The stator of the real machine has been simulated for two pole pitches to reduce the 
computation time. Using models with a higher mesh density in the eddy current regions leads 
to better convergence, but requires much higher calculation time. Thus, a compromise 
between computation time and accuracy is achieved via a fine mesh with 400000 elements in 
the conducting regions of the 2τp segment. Transient 3D application has been applied to study 
the eddy current distribution and the raised losses as the rotor is in rotating state. Imposed 
speed is set at a constant speed; and the stator currents turn synchronously with the rotor. 
Through the investigation, the locations of high eddy currents concentration on aluminium 
mounting discs, PMs, rotor poles and stator are identified. Note that rotating the rotor without 
supply currents, will initiate eddy currents too due to the magnetic fields of the PMs. 
Distributions of eddy current losses are easily executed for each rotation position of the rotor. 
During the analysis, NdFeB PM are described as solid conductors and their magnetic and 
electric data are Br = 1.24 Tesla, Hc= 900 kA/m and σ = 625000 S/m [A3]. The electric 
resistivity of the rotor steel poles and M270-50A stator are set to 13×10-8 and 55×10-8 Ω. m, 
respectively. The main prerequisite for using steady state AC magnetic application in Flux 
software is the presence of magnetic fields due to only time varying sinusoidal electric 
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currents i.e., no magnet type regions can be included. Thus, the only way to study the eddy 
currents generated from PMs magnetic fields is by using magnetic transient algorithm [F3]. 
The current density distributions are shown on aluminium mounting disc, which is used to fix 
the PMs for three positions, aligned, unaligned and overlap rotor positions in Figure 3.52 and 
Figure 3.53, respectively. The rotor poles and stator are set as magnetic non-conducting 
material in this test. At the aligned position, no current is applied to the winding.  
 
 
                  
 
                          
Figure 3.52: Current density in aluminium mounting disc                                                               
(over two pole pitch segment via transient approach)                                                                       
(a) at aligned position  (b) at unaligned position  
 
 
 
 
Figure 3.53: Current density in aluminium mounting disc at overlap position                             
(over two pole pitch segment via transient approach) 
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              (b) 
Figure 3.54: Flux density and eddy current distribution in rotor                                                     
(over two pole pitch segment for two consecutive positions)                                                         
(a) Flux density (b) Current density  
 
As the rotor turns with speed of 100 rpm, there will be change of magnetic field, which will 
induce eddy currents in the aluminium mounting disc. Moreover, at this position, the effects 
of only the fields of PMs are apparent. The maximum concentration of the eddy currents are 
in the regions that face the PMs in the radial direction. 
However, this concentration will be reduced along the radial axis towards the back side of the 
rotor. At the aligned position, the current density will rise to higher values. At this moment, 
the magnetic field of the armature current is at maximum value. The low, medium and high 
locations of current densities are the same as when there is no armature current exists, 
however, with different electric levels.  The circular paths of the current density indicate the 
locations of perpendicular magnetic fields. The distributions of the eddy currents for the soft 
and hard magnetic materials in the rotor for the two pole pitch segment of FCPM-TFM is 
shown Figure 3.54, where the study covers two consecutive positions, 0.68×τp and 0.7×τp, 
respectively.  
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Rotor poles, PMs and aluminium disc are set as conductive materials. The set resistivity of the 
PMs is almost twelve times its correspondence of the steel rotor poles; therefore, the level of 
current density is relatively lower in PMs. The mounting disc shows high eddy current 
concentrations. The flux density will not show big difference, however the current density 
varies for the two succeeding positions for the rotor poles and PMs. The eddy current 
distributions on the stator at aligned angular position are shown in Figure 3.55(a).  
 
             
 
 
 
Figure 3.55: Flux density and eddy current distribution in stator                                                     
(a) Current density, J (A/m2)  (b) Eddy currents over grids 
 
 
2D annular grid  
with 1200 
 discrete 
elements 
2D cylindrical grid  
with 400 discrete 
elements 
High circular 
current paths 
z-axis 
r-axis θ-axis 
J (
A
/m
2 ) 
5 
0.0 8.0 
z-axis 
(mm) 
 
θ-axis 
(mm) 
 
10E6 
0.0 65 
0.0 
r-axis 
(mm) 
 
J (
A
/m
2 ) 
0.0 
18E6 
J (
A
/m
2 ) 
10E6 
0.0 
8.48 
θ-axis 
(mm) 
 
(a) (b) 
Chapter 3: TFM in Segmented Configuration           134 
 
Figure 3.56 : Eddy current losses in rotor (in aluminium, PMs and  rotor poles) 
The main induced current paths are located at the stator pole surfaces and the stator core, 
where the magnetic flux is perpendicular to their directions as can be seen from plotting the 
current densities over the grids in Figure 3.55(b). The areas at the centre of the poles suffer 
from high eddy current regions due to the magnetic fields coming to/out both opposite sides 
of the pole from/to opposite magnetized PMs and getting out/in with a normal direction to 
pole surface. Modelling the stator as a solid conductor region, with magnetic and electric 
properties takes long simulation time compared to the integration in PMs or steel poles 
regions [T4], [Z3]. Therefore, rapid calculation methods of eddy current losses are required to 
be implemented [L4]. The variations of the eddy current losses have been calculated by 
(3.123) with respect to the angular position and plotted in Figure 3.56 for the aluminium 
discs, PMs and rotor poles in one phase for a rotor speed of 100 rpm. The steel rotor poles 
have the majority of eddy current losses. The PMs show higher eddy current losses compared 
to aluminium disc as the rotor approaches the overlap position. The average eddy current 
losses per phase is ≈3 Watt without considering the center aluminium discs and the occupied 
distances between the phases. Therefore, the total eddy current losses in the whole rotor are 
expected to reach ≈14 Watt. These losses are found through utilizing sinusoidal current source 
waveforms and they are expected to be  higher, if the supply is obtained via full block control 
[B11] or supplied with higher current densities [B13]. The eddy currents on the stator poles 
and inside the stator core are significant due to existence of normal magnetic fields. The 
aluminium casing, magnets and poles in the rotor are rotating solid bodies and are susceptible 
to induced eddy currents by asynchronous flux waves. The location of eddy current losses in 
rotor poles are mainly found at the centre of the pole regions due to the high concentration of 
opposing magnetic fields coming from the PMs. Whereas in the PMs and the aluminium 
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discs, the eddy currents will accumulate themselves on the cut corners of the PMs, which are 
done for the mechanical mounting purpose. The study can be extended to cover the effect of 
the speed variations. Since the eddy currents cannot directly be measured, especially the 
conductivities of the materials are too low, only simulations are conducted. 
3.4.2 Soft Magnetic Composite (SMC) Construction 
The construction of stator is simplified by making use of SMC material, which permits 
flexible machine design and features additionally, very low eddy current loss and possibilities 
to improve thermal characteristics. Despite the low permeability of the SMC material, some 
references consider it to be the most appropriate for PM-machines as the magnetic reluctance 
of the magnet dominates the magnetic circuit; hence, the motor will be insensitive to the 
permeability of the core [G15]. This argument found, to a certain limit, not to be correct, since 
the PM is normally modelled by a reluctance with a current source too and the low level of 
permeability and saturation of SMC material relative to electric steel will add more limitions 
on the level of the active magnetic field and therefore on the output torque. Moreover, this can 
be easily observed in comparing the torque levels obtained via stators made of electric steel 
with SMC ones as shown in Figure 3.33. SMC material is known for the low core losses, 
however the core losses at low speeds i.e., low frequencies are not significant, therefore using 
electric steel will be a suitable choice if they could be shaped and placed in a direction that 
supports the transverse flux path [G1]-[G2], [M5], [S10]. The stator poles areas can be easily 
shaped and inceased via SMC, which will add to the effective air gap area and in consequence 
will increase the electromagnetic torque. The connical form of the windings in TFM with 
segmented stator has required a special method in order to enable placing them in the stator.  
 
 
Figure 3.57: Stator with segments pressed from SMC material 
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The process of installing the phase windings in stator sectors are illustrated in Figure 3.57 and 
can be described via the following procedure: 
1. The stator segments are cut in three layers, i.e., top, center and bottom. 
2. The center layer is cut in m-sectors having shapes of cake pieces with a number m 
representing the number of phase sectors. 
3. The phase windings are coiled externally and each one is pushed inside each stator 
sector in a direction from the shaft side towards the air gap side.  Note that due to the 
non-uniform shapes of the coils in one winding, the placement of the winding can not 
be achieved by pushing them from outside towards the shaft side. 
4. Having the coils placed in the sectors, the top and bottom layers can then sandwich 
these phase sectors located in the center and therefore, they are designed with some 
fixing slots that are used to hold all the layers together in track with the help of screws 
and glue. 
5. Both top and bottom layers will contain some extrusions in their center regions 
accounting for the distances required between the phases and additionally the center 
holes are bored to install the bearings. 
SMC magnetising curves and material losses plots expressed in Watt/kg are shown in 
Appendix G.1 for some examples of SMC materials used in prototype and mass productions 
too.  
3.5 Influence of Concentric Saddle-Shaped Windings 
In the segmented construction of FCPM-TFM, saddle coils or concentric type of windings are 
used for generating fields perpendicular to the axis of cylindrical shell to which the coils are 
confined. Apparently, the maximum output power of FCPM-TFM is limited by the 
temperature of the stator windings, which is mainly determined by the copper losses and the 
thermal resistance between the windings and the stator. In the segmented FCPM-TFM, 
additional copper losses rise due to the end windings located in between the phases, though 
the phases work independently.  
In literature review, different winding configurations for a laminated stator are compared in 
[C3], with respect to the loss mechanisms and the improvement of machine efficiency and 
maximum output power. The study has led to a new coil design that improved copper cross 
section area for switched reluctance machine. Superconducting coils with an inhomogeneous 
current density distribution yield more field for less volume of the superconductor as 
described in [B22], [D3]. 
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The inhomogeneous current field, which is produced by a set of concentric sub coils, shows a 
linear decrease of the field with the radius in each sub coil. Although the aluminium coils 
appear to cost less than copper magnet systems, aluminium magnets should be avoided in 
high current density septum magnets, where the aluminium coils aggravate the heat transfer 
problems and mostly, when the magnet system is small, a special cooling system will be 
required [G12]. A sensitivity analysis scheme for designing the shape of cylindrical probe 
coils that induce specified eddy current distributions inside the conducting cylinders has been 
proposed in [R4] based on Newton’s optimization algorithm. 
In this section, a geometric parameter study of the phase winding, is numericaly investigated 
through FEM. The main design parameters of the windings are studied through implementing 
built-in non-meshed and designed meshed coils too. As for a given stator, the winding losses 
can be reduced by changing the layout of the stator windings; the study has covered two 
similar designs of the stator. One in a laminated configuration and the other is pressed with 
SMC material, where the saddle windings are in sectors placed around the stators. Both 
stators are of the same diameter, axial length and pole number. Analytical study of the TFMs 
is done in terms of highest torque production capability and design optimisation with 
implementation of meshed coils conductors. The used SMC material is from 80×20 mm 
blanks of Somaloy Prototyping Material [H7], while the laminations are of non-oriented grain 
electric steel M270-50A, which is isotropic, having the same mechanical and magnetic 
properties in all directions. Such steel are often used in small electric motors.  
The design of the saddle coil is restricted from the available winding space. Therefore, the 
construction of the stator has to be optimised too through studying the influence of different 
geometrical parameters. The study has enclosed the SMC stator, since SMC material is 
claimed to be superior for the torque production, because of their unique properties such as 
magnetic and thermal isotropy, low eddy current loss and additionally it sustains complex net 
shape manufacturing. Furthermore, SMC material will allow 3D-flux fields and will facilitate 
the placement of the windings packets through the pressed constructions of the stator 
segments. Consequently, the effect of stator dimension parameters has been studied on the 
average output torque of the TFM with SMC-constructed stator and shown in Appendix G.2.  
Non-meshed coils can be simulated via Flux3D using the reduced magnetic scalar potential. 
These coils are geometric entity of different shapes, which are superimposed onto the mesh 
and have no dependence with it.  Figure 3.58 shows the required dimensions for a saddle coil 
to be studied and optimized. The studied dimensions of the saddle phase coils are found in 
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Table 3.3, where it is coiled over two pole pitch, 2τp segment of the stator. The central field, 
Bo of the saddle coil is normally given by (3.122) [G7]. 
                            ( ) ( ) ( ) ( )  2/sin/   /4 5.15.02 αµpi ⋅+⋅⋅⋅= −− ssDhINiB moo  (3.122) 
where i is a unit vector in a direction perpendicular to the coil plane, I  is the current in coil 
and 2)/(1 Dhs m+= , D is the diameter and  hm  is the mean axial length of the saddle coil. No 
second order field derivatives in any directions exist for saddle coils, when the length-to-
diameter ratio is equal two and of circular arcs of 120°. The field in space, which is calculated 
by the Biot-Savart law, is expressed as a power series involving derivatives of the field with 
respect to the axes r, θ, and z evaluated at the centre of the coil system. Certain restrictions are 
carried out through the software usage, when setting the angles and the height of the coil, as 
listed in (3.123)-(3.124): 
                     Θ3φ + 2 ϕ  ≤  α (3.123) 
                     hi  ≤  l/2 (3.124) 
The general form of equation solved in scalar model by FEM in magneto-static application is 
given by (3.125). 
                      [ ] ( )( )( )ror BTgradµ µ div rr ++− φ  (3.125) 
where µr , µo is the tensor of the relative permeability of the medium and permeability of the 
vacuum, φ is a magnetic scalar potential in Ampere,Tr  corresponding to sources in A/m, rB
r
 is 
remanent magnetic flux density in Tesla. In case of non-meshed current source,  
                HT  j
rr
=  (3.126) 
where, jH
r is the magnetic field created by non-meshed coil. 
                        
jred Hφφ =  (3.127) 
and the magnetic field strength, H
r
is given by: 
                  jH-gradH
rr
+=
jredH
φ  (3.128) 
By substituting (3.126) and (3.127) into (3.125). 
                      [ ] ( )( )( )rjor BHgradµ µ div rr ++− jredHφ  (3.129) 
The computation of the magnetic field intensity, Hr  of non-meshed coil created by the current 
distribution is carried out using Biot and Savart law in an analytic or semi-analytic way [F3]-
[F4]. The state variable for the non meshed coil is
jH redφ . The magneto-static study conducted 
by FEM is divided in this context into two sections, at the beginning, the influence of the 
variations of certain design geometrical winding parameters are studied using non-meshed 
coils as well as influence of the location of the coils on the flux linkage. Later, non-meshed 
Chapter 3: TFM in Segmented Configuration           139 
coils will be replaced by meshed ones, which will enable other quantities to be studied such as 
magnetic field intensity, Laplace force and current densities. Throughout the study, an optimal 
design of the winding has been proposed, where the current density and fill factor of the 
winding are taken into account. 
3.5.1 Effects via Non-Meshed Saddle coils 
The set dimensions of non-meshed saddle windings will show a slight change on the produced 
output torque, particularly when saturation occurs. In fact, the constructed meshed coils by the 
designer facilitate studying the effect of the dimensions variations, keeping in mind the 
required fill factor as well as the current density. Through utilization of non-meshed coils, the 
induced flux and flux linkage in the coils can be studied and investigated as plotted in Figure 
3.59(a). 
        
Figure 3.58: Dimensions of a saddle coil on phase sector  
 
Opening angle of straight part, ϕ  (o) 15 
Opening angle of cylindrical part, Θ3φ (o) 73 
Length of straight part of saddle coil, l (mm) 7 
Internal half height of saddle coil, hi (mm) 6.7 
Radius of cylinder of saddle, R (mm) 25.3 
Total angle of saddle, α (o) 9.3×τp 
Number of series turns per saddle coil , Ns 27 
Table 3.3: Saddle coil dimensions  
Eight saddle coils of 27 turns have been placed on the available slot; each turn has a cross 
section area of 0.5 mm2. The dimensions of the coils are set according to Table 3.3. The effect 
of the location of the coils has been studied on the induced flux in the coils. Firstly,  the coils 
are squeezed towards the core; secondly, the coils are placed in the middle of the slot and 
finally, they are shifted near the poles.  
For the laminated stator, the more the positions of the coils towards the core are, the higher 
the generated torque is. The increase in flux is recorded to be 33.3% at the q-axis position, 
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which can be seen in Figure 3.59(b) for different current densities. However, the case shows 
the opposite behavior for SMC stator, because of the increased surface areas of the poles 
facing the air gap. Similar results have been published for other number of turns in [B12]. 
 
 
 
 
 
 
(a) 
    
  
Figure 3.59: Effect of location of saddle coils on flux density for different current densities                                                        
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Figure 3.60: Effect of opening angles of saddle coils on average torque 
The location of coils should not directly be placed close to the air gap, because this will 
initiate the pole tip effect that causes the stray flux. As a result; an increase in the eddy current 
losses in the coil conductors will take place.  The effects of the utilized dimensions of the 
saddle coils are shown in Figure 3.60. In particular, the effect of the opening angles of the 
straight part and the cylindrical part, Θ3φ and ϕ, respectively, are plotted and they show slight 
effects on the magnitude of the average torque. The angle of the cylindrical part, Θ3φ  has 
reached a peak value for a maximum torque, thereafter any increase in its value, reduces the 
output torque. Different manner is observed for the change of the angle of the straight part, ϕ, 
with the output average torque, where a direct proportional relationship exists that is limited 
by the equations (3.123)-(3.124). 
3.5.2 Effects via Meshed Concentric Saddle Coils 
Meshed coils utilize the reduced magnetic scalar potential with respect to a uniform current 
density in meshed region of the field sources. Therefore, in case of meshed coils, 
                      T  T o
rr
=  (3.130) 
and  To
r
is the electric vector potential and satisfies (3.131). 
                 ( ) so J  Tcurl rr =  (3.131) 
where sJ
r
 is the current density in the meshed region of field source and the scalar magnetic 
potential is as given in (3.132). 
                    
oT redφφ =  (3.132) 
Thus, the magnetic field intensity, H
r
 of the meshed coil is given by (3.132). 
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                   T-gradH o
oredT
rr
+= φ  (3.133) 
By using (3.130) and (3.132) into (3.133), the resulting equation for the meshed coil case can 
be obtained as given in (3.134). 
                    [ ] ( )( )( ) BTgradµ µ div roredTor o rr ++− φ  (3.134) 
For the meshed coils, (3.134) will be solved and the state variables are 
oT redφ and oT
r
. It should 
be pointed out that a domain can contain meshed and non-meshed coils at that same time. 
Therefore, (3.134) will turn to (3.135) as follows: 
                         ( ) ( ) Hcurl   J  Tcurl jso rrr +=  (3.135) 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.61: Location of meshed coils in two pole pitch segment of TFM                                        
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where 
sJ
r
corresponds to meshed conductors and ( )jHcurl r  for the field created by non-meshed 
coils. The computation of the Laplace’s force, LF 
r
can be calculated only by using meshed 
conductors and it is expressed by (3.136).  
                     dv B J   F 
v
sL
rrr
×= ∫  (3.136) 
Two main things should be taken care of in defining a meshed coil: firstly, the corresponding 
region that should be identified as a coil conductor region and secondly, specification of the 
current orientation. When applying periodicity, the meshed coil region will be open, therefore, 
the input and output terminals of the coil volume should be correctly assigned and when the 
meshed coil is closed, then defining an orientation line is essential. Counterclockwise 
direction of the current is taken -by default- as a positive value. Figure 3.61(a) displays how 
the current orientation is defined in open and closed meshed coil regions. The constructing of 
3D-meshed open coils requires the following aspects to be fulfilling for proper operation: 
• The same shape for the entering and exiting faces of the current. 
• The number of lines connecting the entering and exiting faces of the current should be of 
the same number. 
• Air volumes are needed to be placed around the meshed coil region. Possibly, if these are 
not defined, the coil conductor region will not consider the assigned current. 
The meshed coil principle will allow studying the magnetic field strength in the winding. The 
volume of the coil is set as coil conductor region with a specified current density of 4A/mm2 
and an optimum fill factor. Figure 3.61(b) illustrates the current terminals and the meshed 
elements of the coil region, which is meshed with second order 336104 and 437850 mesh 
elements for non-extended and extended designs of laminated constructed stator; respectively. 
The corresponding construction of SMC material is shown in Figure 3.61(c) with 342941 
second order elements for full slot winding design.  
Figure 3.62 demonstrates the magnetic field strength of the coil under load condition for three 
cases: laminated with non-extended coils, laminated with extended coils and SMC stator with 
full slot coils. Each study case upholds three locations of the rotor, i.e., aligned, unaligned and 
overlap position, where the applied current is of a sinusoidal waveform in all cases. The 
magnetic field strength in the first case for all the positions appears to be of the smallest value 
compared to the other two cases, since the assigned number of turns 100, 200 and 300 for the 
three cases, respectively. The effect of the field of the PMs can be seen at the aligned position, 
where the current is of a zero value. The laminated stator with extended meshed coil shows 
the highest magnetic field intensity. Uniform magnetic field strength is recorded for SMC 
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constructed stator. The magnetic field intensity is affected by the fill factor and current 
density of the winding [H14]. To illustrate the current density distribution of the coil, 
magneto-static cannot be used, since uniform current density is assumed through this 
application. Therefore, transient analysis solves this problem by introducing a solid 
conducting region for the coil, where a current source should be connected, either in a virtual 
way or through connecting an electric circuit.  
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Figure 3.62: Distribution of magnetic field strength, H (A.turn/m) on meshed coil 
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Figure 3.63 : Laplace’s force exerted on meshed coil                                                       
(a) Effect of current   (b) Effect of both current and PMs 
The assigned value of the current source accounts for the total Ampere.turns of the source. In 
the case of meshed type coils, the value of the current source is provided in all points of the 
coil; therefore, the computation of Laplace’s force is achievable, while by non-meshed coils 
even observing Laplace’s force is not directly possible.  
Figure 3.63 shows the Laplace’s force that is exerted on one side of current carrying 
conductor placed on the magnetic field, for two study cases: firstly, when PMs are removed 
and secondly, when both armature currents and PMs exist. The radial component is dominant 
in all the cases and it reduces to zero for more than one position for SMC stator.  Figure 3.64 
shows the flux induced in coils obtained from meshed and non-meshed simulations for the 
three studied cases; where meshed and non-meshed simulations give no differences. 
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Figure 3.64: Comparison between Induced flux in meshed and non meshed coil 
Note that in Figure 3.64 the comparison is done with different number of turns i.e.,  different 
fill factors. However, the number of turns is kept constant in Figure 3.59 for all the three case 
studies, while the location of the coils inside the slot has been changed for one fill factor. 
The use of electric circuit in Flux3D facilitates getting the voltage out of the coils in the post-
processing stage and it allows the user to define the source as a voltage source. However, it is 
by default used as a current source. Using solid conductor regions will allow the skin effect as 
well as the non-uniformity of the current density, which can not be done in case of coil 
conductor regions. By linking the regions of coils or solid conductors  of the FE- domain to 
their correspondence of the associated electric circuit, the coupling will be done [I1]. 
Moreover; the wiring parameters such as the resistance and inductance can be specified too; 
and the electric circuit can be applied through both the transient analysis and 3D-steady state 
AC magnetic schemes. Table 3.4 shows a summary of the local and global quantities, 
regarding the non-meshed and meshed coils, which can be calculated specifically in magneto-
static, transient and steady state AC magnetic applications of the software. 
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Via utilization of meshed coil regions, many aspects can be feasibly studied, such as the 
influence of coil dimensions, the magnetic field strength and the Laplace's force, which are 
difficult to be obtained when the study domain involves non-meshed coils. However, the main 
advantage of the non-meshed coils is the reduction of the number of nodes and they can be 
defined before and after the mesh execution, whereas the accuracy of the results in meshed 
conductors depends on how fine is the mesh, and in particular on the mesh around the coils.  
Since the winding and slot having interactive effect; SMC constructed stator has been 
optimized and compared to a laminated stator. The SMC construction shows the capability of 
providing better utilization of the slot space, in addition to an easy proposed windings 
placement method and manufacturing process. Almost double the torque can be obtained, if 
the laminated stator will be replaced by SMC stator with extended coil for the same current 
density as can be seen in Appendix G.2. Also the locations of coils in the slot are of different 
effects for both materials of stators. The circular current paths on the coil region concentrate 
themselves on the coil surface as shown in Figure 3.65 for a transient state. 
3D-Application Type of Coil Non-meshed coil Meshed coil 
Magneto-
static/Transient/ 
Steady state AC  
magnetic  
Local Quantities 
jH
r
 H
r
 , sJ
r
*
, LFd
r
 
Global Quantities 
Φb Φb ,  LF
r
 
* Uniform in case of Magneto-static and non-uniform in 
case of Transient/ Steady state AC magnetic applications 
Table 3.4: Local and global quantities in Flux3D for non-meshed and meshed coils 
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Figure 3.65: Circular current paths on the coil region in transient state 
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4.1 Description of the Construction 
The basic construction of the test machine of the three-phase FCPM-TFM with segmented 
windings is shown in Figure 4.1.  The machine is constructed with an outer rotor, which 
contains twenty six PMs, flux concentrating poles of steel and the mounting housing of 
aluminium. The housing has four mounting discs used to fix the magents and rotor poles 
mechanically together, where two of them are placed on the top and bottom of the rotor and 
the other two discs acting as a mounting cage in the center of the rotor. The stator is of a 
laminated structure and carries three-phase multi-turns saddle-shaped windings that have been 
realized around the circumference of the stator core inside the rotor. In this chapter, the 
machine construction will be described in details, where the reasons behind the chosen 
materials, dimensions, types and shapes of the machine parts will be explained. The magnetic, 
electrical and mechanical constraints will be shown via studying the influence of the 
geometric parameters of stator and rotor.   
The study has been conducted via FEM and limited to show their impact on merely back emf 
and electromagnetic torque productivity.  A special attention will be given to the effects of the 
related dimensions of the PMs and rotor poles as well as the number of the poles in the 
machine. Besides studing the electrical effects of the windings such as fill factor and current 
density, the inductane profile will be derived by the gradient method that is already derived in 
Chapter 3; which is a necessary step to find Ld and Lq in order to update the controller later in 
Chapter 5.  
 
  
Figure 4.1: Photos of the FCPM-TFM in segmented construction 
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The influence of the non-magnetic mechanical housing of the machine, which includes the 
aluminium mounting discs, will be further explained and their optimum position within the 
machine will be revealed by simulating aluminium as inactive material, however aluminium is 
usually considered as air in magneto-static FE-application. Throughout the analysis of the 
paramteric study, their deviations from the mathematical derivations shown in Chapter 3, will 
be discussed. At the end of the chapter, an optimization geometeric parameter study will be 
given to provide the reader with a list of recommendations to get the best ouput of the FCPM-
TFM with segmented stator. 
4.2 Geometric Parameter Study 
In the initial design, the air gap has been set to 0.4 mm, however due to the tolerances in the 
shapes of PMs and rotor poles, it was hard to construct the machine with this air gap length. 
Therefore, it has been increased to 0.9 mm.  Due to this mechanical constraint, the actual air 
gap in PM-machines lies generally between 0.4 to 1.0 mm [N1]. The length of air gap is 
inversely proportional to the average three-phase torque and the relationship between the air 
gap length and the induced voltage take a parabolic profile as shown in Figure 4.2. The effects 
of air gap length are shown for two cases, namely with/without considering the mechainal 
center mounting discs. Clearly, the mounting discs have negative impacts on the back emf and 
the average torque too, however a shift in their positions will reduce their negative behaviour 
as it will be shown in Section 4.2.3. 
 
           
 
Figure 4.2: Influence of air gap length on torque and induced voltage at 200 rpm                                  
(a) Effect on torque (b) Effect on induced voltage (r.m.s value) 
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General Machine Dimensions (mm) 
Pole number Air gap diameter Pole pitch, τp Air gap length 
26 82.9 10 0.9 
Stator and rotor dimensions 
 Height 
(radial 
direction) 
Width 
(tangential 
direction ) 
Length 
(axial 
direction) 
PM 10 4 40 
Rotor pole 10 6 30 
Stator pole  10.7 8 5 
In-between distance 14.45 26.67 40 
Winding slot 10 30 10 
Table 4.1: Machine dimensions 
 
The designed machine is of an air gap diameter 82.9 mm with an axial length of 44 mm 
including the mounting discs. The main dimensions of the machine can be seen in Table 4.1. 
A two-dimensional cross sectional diagram of the machine is shown in Appendix H.6.  From 
the air gap diameter, the output coefficient of the TFM can be estimated, which is 
proportional to the rating of the machine as shown in Chapter 3 by (3.112). The selection of 
the machine diameter and axial length should ensure the highest torque to volume ratio to get 
optimum design of the machine based on the desired volume.  
Table 4.2 and Table 4.3 show TFMs constructed with different air gap diameter to axial 
length ratios, Dg/lr. In the first table, the air gap diameter Dg is made variable, while the axial 
length lr kept constant at 40 mm. In the second table, Dg is kept constant at 82.88 mm with 
variable lr and consequently; the ratios Dg/lr have the same values as given in the first table. 
The electric supply done for all constructions in both tables for current density of 11A/mm2 
and the windings have a fill factor of 0.3. The influences of the change in ratio Dg/lr, on the 
three-phase average torque and no-load voltage are studied and plotted in Figure 4.3.  
The average torque and the induced no-load voltage show parabolic profiles with the increase 
in the ratio Dg/lr for constant axial length. If the air gap diameter is extremely greater than the 
axial length or vice versa, then the maximum electromagnetic torque and no-load voltage will 
be achieved. An exponential behavior appears in average torque and no-load voltage too, 
when Dg/lr changes while the air gap diameter is constant. Note that the windings in all 
constructions have the same number of series turns making the comparison criteria the same 
to investigate the influence of the machine geometry on the induced no-load voltage.  
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Having the pole pitch constant while increasing the air gap diameter or the axial length of the 
machine, the average torque as well as the no-load voltage will rise in a parabolic manner.  
The effect of axial length is more dominant as the diameter of the machine on both the 
average torque and no-load voltage as can be seen in Figure 4.4. 
 
Dg/lr 0.5 1 2 3 4 5 
Dg (mm) 20.9 40.9 82.9 120.9 160.9 200.9 
lr (mm) 40 
Nt (total) 96 134 216 284 356 426 
Ns ×Np 2 × 48 2 × 67 2 × 108 2 × 142 2 × 178 2 × 213 
Kfill 0.3 
J (A/mm2) 11 
Table 4.2: Constructions with variable air gap diameter (Dg) for the same axial length (lr) 
 
Dg/lr 0.5 1 2 3 4 5 
Dg (mm) 82.9 
lr (mm) 165.8 82.9 41.4 27.6 20.7 16.6 
Nt (total) 886 442 220 146 110 88 
Ns ×Np 2 × 443 2 ×221 2 × 110 2 × 123 2 × 55 2 × 44 
Kfill 0.3 
J (A/mm2) 11 
Table 4.3: Constructions with variable axial length (lr) for the same air gap diameter (Dg) 
 
 
 
 
 
 
 
 
 
 
 
 
 
     (a)                 (b) 
Figure 4.3: Influence of the ratio of air gap diameter to axial length                                              
(a) Effect on torque (b) Effect on no-load voltage (RMS value) at 200 rpm 
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        (a)                (b) 
Figure 4.4: Influence of the ratio of axial length to pole pitch                                                       
(a) Effect on torque  (b) Effect on no-load voltage (RMS value) at 200 rpm 
 
4.2.1 Rotor 
Most of the research and advance development in PM machines today is involved with 
searching for the optimum rotor structure. Rotor optimization may be based upon weight 
minimization or cost minimization or sometimes both. However, in terms of machine 
parameters, an optimum rotor should maximize the air gap flux density and minimize the 
leakage flux between magnets that does not contribute to the energy conversion process. 
Structural integrity and ease of assembly are also concerns in the optimization process. 
Another consideration affecting the rotor design is, the optimum rotor design in a function of 
the type of PM.  In this section, effects of PMs shape, dimensions, and number will be studied 
with the impact of the materials of rotor poles . 
4.2.1.a Permanent Magnets 
In order to choose PMs in TFM construction, the PM should be able to work at high level of 
the temperature since the current density is normally high in TFMs and it should process high 
energy product that will allow the use of smaller volume of the PMs. The utilized PMs are 
from sintered NdFeB of type L38UHT, which is an abbreviation for ultra high temperature. 
L38 defines the grade or measure of strength of PM, where the number defines the maximum 
energy product expressed in Mega Gauss Oersteds (MGOe). The re-coil permeability of the 
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utilized magnet is 1.04, remanent field density is 1.25 T, field coercive force is greater than 
915 kA/m and maximum energy product (BHmax) is 286-320 KJ/m3 as can be seen from the 
the magnetic properties in the data sheet in Appendix I. PMs are constructed in parallelogram 
shape to insure reduced price of the PMs in comparison to trapezoidal form. Figure 4.5(a) 
shows the effect of the shape of PM on the average output torque and the torque components. 
Clearly, a rotor with trapezoidal PMs shows a small increase in all the torque components 
relative to ≈64% increase in PMs volumes.  
The corners of the PMs have been cut from top and bottom for the mechanical mounting 
process. The dimensions of the PM are shown in Appendix H.2. One PM in this shape costs 
5.57 Euro, which is considered to be expensive in contrast to a PM of simple non-formed 
parallelogram shape. Figure 4.5(b) shows that the cut in the radial direction of the PM length 
has slight effect on the average torque in comparison to the cut in the axial direction. The 
minimum cut of 2.0 mm has been recommended from the PM-Company, which represents 2% 
reduction (for two cuts) on the volume of one PM. The reason behind the stated minimum 
value is, because the corners are of round shape and the tolerances of the machining of the 
PM material will not allow less than 2.0 mm cuts. The increase in PM width will cause 
increase in torque until a certain width reached, where the saturation in average torque occurs.  
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       (a)             (b) 
Figure 4.5: Influence of shape of PM on output torque                                                                    
(a) Effect of parallelogram shape (b) Effect of corners 
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The influence of the width of PM in the radial direction on the phase torque and the average 
three-phase torque are shown in Figure 4.6(a)-(b), respectively for a current density of 11.0 
A/mm2. PM with 25.0 mm radial width shows the maximum output torque. As the PM width 
increased more than 25.0 mm, the phase torque shows a sudden reduction at the peak instant 
of the torque at a rotor angular position of 40% of the pole pitch. The reason behind this 
phenomenon is the raising cogging torque component in the region where the PM faces stator 
pole.  
This has required investigation study for the variation of the cogging torque with the angular 
position that is shown in Figure 4.7. As the rotor approaches the non-aligned position (50% 
τp) at no-load, the attraction tangential force occurs and will exhibit a small low frequency 
sinusoidal signal variation in the cogging torque as the rotor seeks the low reluctance path. 
This force variation changes from linear to sinusoidal pattern with the increase in the radial 
width of the PM. The low frequency signal will be bigger after a PM width of 25.0 mm, 
opposing the developed torque and causes sudden reduction on the phase torque.  
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     (a)                  (b) 
Figure 4.6: Influence of width of PMs on output torque                                                                  
(a) Influence on phase torque (b) Influence on three-phase average torque   
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Figure 4.7: Influence of radial width of PMs on cogging torque 
 
 
                  
         (a)       (b)  
Figure 4.8: Influence of radial width of PMs at no-load for 27-series turns windings                                    
(a) Influence on flux linkage  (b) Influence on induced no-load voltage at 100 rpm  
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Figure 4.9: Influence of tangential width of PMs on output torque                                                
(a) Influence on phase torque (b) Influence on three-phase average torque   
 
Keeping the tangential length of the PM constant and increasing the radial width will cause an 
increase in the flux concentrating factor as well according to (3.45) in Chapter 3, which leads 
to strong magnetic rotor poles and causes the peak value of the cogging torque to raise by 
≈34.40%, where any increase in this factor afterwards is considered as a waste of the PM 
material, since the useful torque will remain almost constant with more distortions. Figure 4.8 
shows the PM flux linkage and no-load induced voltage variations with the angular position 
and the increase in PM radial width as the stator winding has only 27 turns. The prime mover 
speed has been set at 100 rpm. An increase of ≈14% in both the flux linkage and induced 
voltage has been recorded, if the PM width is increased by a factor of 3. 
The biggest PM tangential length that occupies from the pole pitch length is an interesting 
issue to be studied. Therefore, Figure 4.9 illustrates the phase torque variation with the 
angular position as the PM tangential length increases as a percentage of the pole pitch. The 
study has been done for a current density of 11A/mm2. PMs with tangential length less than 
30% of the pole pitch will show a dramatically reduction on the maximum phase torque. 
However, the reduction of the torque is not extreme, if the PM tangential length varies 
between 30-40% or 50-60% of the pole pitch.  The maximum average three-phase torque as 
can be seen from Figure 4.9(b) is achieved when the PM has a length of 50% the pole pitch. 
Figure 4.9(a) shows clearly the raising effect of the cogging torque on the phase torque as the 
rotor turns towards 17% of pole pitch for constructions with PMs of lengths equal/more than 
50% of the pole pitch. This will cause the negative portions of the instantaneous phase torque, 
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which implies the requirement of higher current over this portion of the movement to 
overcome this braking torque. Machines with PMs of length of 20-40% of the pole pitch will 
have relatively very small cogging torque and will enjoy positive phase torque throughout the 
rotor movement, when the machine is turning with 11A/mm2 current density. It should be 
pointed out that the rotor pole tangential length will change simultaneously with the PM 
tangential length and according to (3.43), will effect the flux concentrating factor. 
The TFM has been constructed with different number of PMs. Table 4.4 shows the different 
designs. The number of turns of the phase coils has been kept the same throughout the study. 
The selected number of poles and phase span for all the designs have been chosen based on 
Table 3.1 in Section 3.1.2 and Appendix C for a phase displacement of 120 electrical degrees, 
for q = 2 and Qs is set different for each case to get almost similar phase span. 
 
P 14 20 26 32 38 
τp 25.714° 18.0° 13.846° 11.25° 9.473° 
Phase 
Span 
2τp 
(51.428°) 
4τp 
(72°) 
6τp 
(83.076°) 
8τp 
(90°) 
10τp 
(94.73°) 
δ3φ 68.57° 48° 36.923° 30° 25.263° 
Table 4.4: Designs of TFM with segmented stator for q = 2 
 
 
 
 
                    
 
Figure 4.10: Influence of number of PMs on average torque                                                                   
(Number of turns of coils and current are kept constant) 
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 Figure 4.11: Influence of number of PMs on torque components                                                   
(a) Cogging torque  (b) Reluctance torque   (c) Interaction torque   (d) Phase torque    
 
Obviously, the torque increases with the increase of the number of PMs as shown for the 
three-phase average torque in Figure 4.10. Note that for the design of 14 PMs, the number of 
turns could be increased and it is expected that the torque will achieve more increase if the 
number of turns has been increased. For the designs with 32 and 38 PMs, the generated torque 
will be slightly smaller due to the reduced available space for the end windings and hence this 
will show that increasing the number of  PMs will reduce the space of the end windings and 
therefore the torque will not increase. As the principal cause of shaft currents in revolving 
machines is the use of poles and segments in certain ratios, therefore, the number of the PMs 
in this construction is chosen to be 26, so that the machine will be immune from this problem 
as stated in [A2]. There is ≈ 63.70% increase in average torque as the number of the PMs is 
increased from 14 to 32, nevertheless, if the number of PMs has been changed from 26 to 32 
then the increase is only ≈ 12.30%. The torque components of the FCPM-TFM with 
segmented stator for different number of PMs are illustrated in Figure 4.11, where the 
cogging torques show similar shapes for the number of PMs 14, 20 and 26. Additionally, the 
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cogging torque with 26 PMs has smaller amplitudes compared to the other constructions. 
Extreme changes in the cogging torque shape are found with 38 PMs. The reluctance torque 
will increase proportionally to the number of PMs. However, the magnitude of the reluctance 
torque with 26 PMs will start to reduce; while its shape remains the same for different number 
of PMs. Note that the recorded reluctance torque is very small in the TFM with segmented 
stator, this implies a small difference of the d- and q-axis inductance. The interaction and 
phase torque variations with the angular position show that an increase in their maximum will 
not be any more significant, mainly when the number of PMs is more than 32. A negative 
portion occurs in the phase torque with 14 PMs that requires an increase of the current or in 
other words more number of turns in the phase winding, especially there is enough space 
between the phases which will allow this increase. 
In comparison with SmCo magnets, NdFeB magnets have low corrosion resistance. Protection 
of NdFeB magnets by fiberglass bandages impregnated in resin is not sufficient. Metallic (Sn 
or Ni) or organic (electro-painting) are the best methods of protection against corrosion. Air-
drying varnishes are the only cost effective coatings and partially effective to prevent PMs 
against corrosion [G5]. The utilized PMs have a coating of Ni/Cu/Ni layers, which is 
considered to be most corrosive resistant and durable type of plating, although the nickel 
coating is sensitive to the exposition to sulfuric atmosphere [R1]. The thickness of the plating 
is found to be 15-21µm. 
The number of PMs has a significant effect on the flux linkage and as a consequence on the 
induced no-load voltage. This study is shown in Figure 4.12, where the flux linkage and 
induced voltage for a rotor speed of 100 rpm is demonstrated. The plots in Figure 4.12 are 
demonstrated versus the angular position of the rotor and expressed as a percentage of the 
pole pitch in order to show them in one plot, though the pole pitch for each construction is not 
the same as can be seen in Table 4.4. The flux linkage will increase with the increase of PMs 
until the number of PMs is 32 then a reduction in the flux linkage will take place, which 
reflects that the leakage flux has been increased starting with 32 PMs. The induced phase 
voltage will increase with the increase of the number of PMs until the number of PMs reaches 
26 and 32, where the induced voltage will keep constant and then will start to increase slightly 
by 8% compared to the TFM with 26 PMs.  
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Figure 4.12: Influence of number of PMs on flux linkage and no-load induced voltage                    
(a) Effect on flux linkage   (b) Effect on induced voltage at 100 rpm  
   
Numerical differentiation has been used in order to calculate the induced no-load voltage 
based on the calculation of the rate of change in the flux linkage. While the step of the angular 
position for the TFM with 38 PMs is of a smaller value relative to other constructions having 
smaller numbers of PMs -due to the smallest value of the pole pitch for 38 PMs among the 
other number of PMs- a higher magnitude of the induced voltage is recorded. The induced 
voltage shows saturation on its peak value for the machine constructed with 14 PMs, 
however, the induced voltage is not under saturation in those with 26 or 32 PMs.  
4.2.1.b Rotor Poles 
The rotor poles are constructed from mild unalloyed low carbon low silicon steel of type STW 
22 (1.0332) and cut with laser in small trapezoidal shape pieces. The maximum thickness to 
be cut with laser is 5 to 6 mm. Therefore,  six poles have been aligned along the axial length 
of one PM, each of 5 mm length to ensure the symmetry in rotor design and to cope with the 
restrictions of laser. The remaining six millimeter from the PM length has been used for the 
aluminium mounting discs. The air gap surface will not be mechanically smooth due to 
different shapes of the edges for both the PMs and rotor poles, which will cause a distortion 
on the air gap flux density distribution in the air gap as can be seen in Figure 4.13. Appendix 
H.3 shows the difference in the dimensions of air gap surface, and the size with shape of the 
rotor poles. In order to isolate the poles from each other and to protect the poles from 
corrosion, Urtehan coating has been utilized that offers smallest values of dielectric constant 
and losses factors and will protect the poles from humidity offering a big electric resistance. 
The coating is of 0.1 mm thickness. Figure 4.14 shows directions of the flux lines in the rotor 
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poles, which illustrates that the magnetic field in the rotor is of a three-dimensional pattern as 
in the stator.  
The stator and rotor poles have been simulated with different materials and the influences of 
their materials are individually shown on the average torque as plotted in Figure 4.15(a). The 
utilized materials are electric steels M27050A and M40050A, steel 1010XC10, Soft Magnetic 
Composite (SMC), Somaloy-700HR, Somaloy-10003P and from Somaloy prototype material 
of 80.0 mm diameter that comes in 20.0 mm height blanks. The magnetic curves for the 
utilized materials are shown in Figure 4.15(b). Electric steel M27050A or M40050A are of 
similar BH characteristics. The steel 1010XC10 is of lower flux density level throughout the 
linear region compared to the electric steels. SMC-Somaloy Prototyping material shows low 
saturation level as well as small permeability; however Somaloy-700HR, Somaloy-10003P 
showing higher saturation levels compared to SMC-Somaloy Prototyping material. Note that 
the SMC materials Somaloy-700HR and Somaloy-10003P are materials used in mass 
production, the first one when the cross section of the used parts starting with 10.0 mm, the 
core losses will be small and permeability little bit smaller, however higher specific 
resistance, while the second SMC material is optimized towards better permeability. 
Basically, Figure 4.15(a) shows three case studies for each material; firstly, the material of 
rotor poles is as shown on x-axis of the bar plot, while the stator material is of a material 
which is implemented in the actual design (in blue bars); secondly, the material of rotor poles 
is kept as in the actual design and the stator material has been changed based on x-axis of the 
bar plot (in green bars).  
 
               
Figure 4.13: Mesh elements in air gap surface 
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Figure 4.14: Flux lines in a rotor pole at different locations                                                            
(a) At aligned position   (b) At unaligned position (c) At overlap position 
Thirdly, both the material of stator and rotor poles are of the same material based on material 
shown on x-axis of the bar plot (in dark red bars).Clearly; the change of the material of rotor 
poles will not have that big effect on the torque production. In the mean time, if the rotor 
poles and the stator have been constructed from M27050A, the torque would have been 
increased by only 0.24%. SMC material shows the lower torque if it is used for either stator or 
rotor poles with torque reduction of ≈11.40% and ≈1%, respectively. However, the shape of 
stator poles with SMC Prototyping-material can be improved, which causes the major impact 
on the output of the machine. An increase of 50% in their air gap surfaces can enhance the 
output torque by ≈ 50 %, as can be seen in Appendix G.2. 
 
 
Figure 4.15: Effect of selected materials for stator and rotor poles on average torque                       
(a) Material effect   (b) Magnetizing curves 
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SMC-mass production materials show higher average torque compared with its corresponding 
of SMC Prototyping-material, however, the recorded average torque by using SMC-mass 
production materials is lower than utilizing electric steel by only 0.55%. Note that the losses 
with SMC materials will be reduced compared to electric steel laminations; if the laminations 
are not placed in the orientation of the flux direction. A comparison of SMC loss curves are 
shown in Appendix G.1 based on the manufacture data sheets [H7]. 
4.2.2 Stator 
The stator has been constructed with a radius of 41.0 mm and an axial length of 40.0 mm 
excluding the holding aluminium discs.  The stator of the constructed FCPM-TFM is built in a 
laminated structure as appears in Appendix H.1, where the dimensions of the laminations are 
shown too. The laminations are cut from a sheet (1250×920×0.5 mm) of non- oriented grain 
electric steel M270-50A from Thyssenkrupp steel [T2]. According to the manufacture data 
sheet, the material losses are found to be 1.10 Watt/kg and the material has a density of 7.65 
g/cm³.  
 
 
  
 
 
  
 
 
 
Figure 4.16: Effect of stator pole width (without center mounting discs)                                 
(a) Stator pole width variation    (b) Phase torque   (c) Three-phase average torque 
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Figure 4.17: Effect of stator pole radial length                                                                              
(a) Stator pole length variation    (b) Phase torque   (c) Three-phase average torque 
 
The laminations have been cut by using laser technology with a tolerance ± 1/20 mm and they 
are of different shapes and inner diameters to account for the bearings, shaft dimensions and 
the sequence of the stator structure in the axial direction, respectively. The lamination packet 
weighs without the windings 705 grams and has a stacking factor of 0.98 with sheet insulation 
is of type C5.  Figure 4.16(a) shows the impact of the stator pole tangential width on the phase 
torque as the rotor moves a period of one pole pitch. The stator pole width has been changed 
in percentage of the pole pitch. The study shows that less/more than 80% of pole pitch for the 
stator pole width will cause the cogging torque to rise bringing occurrence of negative 
portions at the end/beginning of the phase torque cycle, respectively. The reduction in average 
three-phase torque will take place, if the stator pole width is reduced/increased away from 
80% of the pole pitch. An increase of 80% in the pole width has generated ≈14% reduction on 
the average torque. The radial length of the stator pole has been increased in percentage of the 
set length and the variation of the pole length effect on the average torque as well as on the 
average of three-phase torque have been plotted as shown in Figure 4.17.  
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Figure 4.18: Effect of stator core radial depth                                                                                
(a) Stator core depth variation    (b) Phase torque   (c) Three-phase average torque 
The number of turns of the phase winding has been kept constant for all the studied 
constructions. Any increase or decrease of the radial length of the stator pole from the used 
value in the construction will cause a reduction on the average torque. The reduction in 
average torque as a result from the positive percentage is due to saturation in the stator poles. 
However, the leakage flux will increase due to reduction of radial length of stator poles and 
this will cause reduction in average torque too. Effects of stator core radial depths are shown 
in Figure 4.18. Throughout the study; the number of turns of the winding has been kept 
constant. The stator core can be reduced to 50% of its initial value without any effect on the 
average torque. The reduction in stator core depth will cause a simultaneous increase in the 
stator slot, which will enable more turns in the winding to be added. By 50% reduction in the 
stator core, the slot area and the number of winding turns will increase by almost 70% for the 
same fill factor that implies a similar amount of increase in the average three-phase torque for 
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the same current density as long as the level of the saturation in the material will not block 
this increase. However, the mechanical assembly of the stator laminations requires some 
amount of the stator core depth for the ventilation holes, fixing screws and for the bearings 
too. The distance between the stator poles has been changed in percentage of the pole pitch 
and the influence of this distance on torque is shown in Figure 4.19 for the phase and three-
phase average torque. When the distance is kept between (100%-110%) of the pole pitch, the 
maximum average torque will be achieved. The phase torque will change its shape to almost 
sinusoidal form with a slight reduction in the average torque for 120%τp, which implies that 
the cogging torque will be reduced with this distance between the stator poles compared to the 
other designs. The flux densities between the poles are of very small values as can be found 
via plotting them over grids placed in sections of the stator for aligned and unaligned rotor 
positions in Figure 4.20. 
 
 
 
 
 
 
 
 
 
Figure 4.19: Effect of distance between stator poles                                                                       
(a) Distance between poles variation (b) Phase torque  (c) Three-phase average torque 
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   (a)                    (b)    (c) 
Figure 4.20: Flux density over grids in stator for aligned and unaligned positions 
(a) Aligned position (b) Unaligned position (c) Unaligned position with peak phase current 
 
4.2.2.a Three-Phase Concentrated Saddle-Shaped Windings 
Three multi-turns concentric saddle-shaped phase windings have been coiled around the yoke 
of the stator, and are connected in star. Each phase consists of 216 turns; with 8 parallel 
circuits. The diameter of a single round enameled wire is 0.5 mm and it is of type Multogan 
2000. The wire has two grade insulation levels, which makes it of high overload capacity and 
its temperature index is greater than 200°C. This wire can as well sustain high mechanical 
strength and it is found to be suitable mechanically and thermally for the saddle windings. In 
order to observe the temperature changes of the windings, a thermal sensor has been inserted 
in the middle of each winding. The sensor is of Silizium planar thermal type with a positive 
temperature coefficient; has a linear characteristics with short time response and long time 
stability and can measure temperatures from -40 to 300°C. The rated resistance of the thermal 
sensor is 500 Ω and has dimensions of 2.6 mm ×1.7 mm. 
Since the yoke of the stator is shorter than the active axial length and even the axial surfaces 
are active in the torque production, this design has short end-windings. Because the end-
windings have been shown to have small effects on the electromagnetic torque and the phases 
are found to work independently, the regions in the stator faced by the end turns can be 
considered as an inactive regions and might be used for cooling purposes.  
In the presented design, the end turns occupy approximately 33% of the active length. In one 
phase sector, the length of each turn from the eight parallel circuits is different from the other 
and the end turn increases as the number of turns increases that is why the length of the turns 
will not be the same for all the three sectors. 
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During coiling of the stator phases, it has been noticed that weight of the phases are 60, 63 
and 67 grams, respectively and that is due to the non-consistent length of the turns in each 
phase sector. The isolation of slot is done using isolation foil with Urethanlack, which can 
outstand high levels of temperature. It has occupied a distance of 0.1 mm. The fill factor 
achieved via coiling the windings by hand in the stator is 0.3. The peak value of the phase 
current that the machine can carry is 24 A for a current density of 11A/mm2.  
      
 
 (a)           (b) 
     Figure 4.21: Influence of current density on reluctance torque                                                  
(a) without center mounting discs  (b) with center mounting discs 
 
The influence of the current density on the reluctance torque from one phase is shown in 
Figure 4.21 as the rotor moves over one pole pitch period. Although the reluctance torque is 
increasing with the increase of current density, this increase is not of a big value. This is due 
to the small axial air gap areas of the stator poles that the stator is constructed with. An 
increase of ≈7% in reluctance torque has been achieved via shifting the aluminium mounting 
discs by 66.6% out from the air gap regions as can be seen in Figure 4.22. The maximum 
values of the reluctance torque occur at positions, where the PMs will be covered totally from 
one side of the stator poles as shown in Figure 4.22(b); where low permeabilities regions 
indicate saturated areas. Zero values occur on the reluctance torque waveforms, when the 
rotor approaches the aligned and unaligned positions or when half the surface of PMs is 
covered from one side of the stator poles. A low amplitude sinusoidal variation rise at the 
beginning and the end of the reluctance torque cycle; because as the rotor poles are covered 
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by one side of the stator poles, there will be a force in a direction of the minimum reluctance 
path, which is in this case along the direction of rotation.  
As the rotor moves in the same direction, rotor poles areas seen by stator poles will be 
reduced and in order to retain the minimum reluctance path again, the rotor will experience a 
force that will be increasing in the other direction. The effect of increasing the current density 
on phase torque has been studied and plotted in Figure 4.23 while the rotor moves one pole 
pitch period for the three following cases. Case 1: when the machine is constructed without 
center aluminium mounting discs. However, the machine has center aluminium discs in case 
2, where they are placed directly in the magnetic circuit. In case 3; the center aluminium discs 
have been shifted out of the magnetic circuit in the radial direction by 66.6%, where the 
reason behind selecting this factor, will be more explained later in Section 4.2.3.  The cogging 
torque has increased by a factor of 3.56 in case 2 compared to case 1. Its shape has been 
changed as well as the aluminium mounting discs are placed in the air gap (case 2) compared 
to both case 1 and case 3. This increase in cogging torque has influenced the instantaneous 
phase torque and caused negative braking portions on the torque waveform. The shape of the 
cogging torque is reflected on the shape of the envelop of the instantaneous phase torque and 
the phase torque shifted upwards with the increase in the current density. The recorded 
reduction in peak torque in case 2 relative to case 1 is 22.58%, while the estimated increase in 
case 3 compared to case 1 is 4.11%. Case 3 shows highest phase torque among the three cases 
for all the current densities. 
 
     
 
      (a)                    (b) 
    Figure 4.22: Influence of current density on reluctance torque (with shifted discs case)     
(a) Reluctance torque variations (b) Relative permeability distributions 
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As it can be seen from the figure, the reluctance torque component has no significant impact 
on the shape of the phase torque waveforms due to its relatively small values. The effect of 
current density on the average three-phase torque is shown in Figure 4.24 for the three cases.  
Obviously, the highest average torque is achieved when the machine is constructed without 
aluminium mounting discs; however the mounting discs are in favor to the torque production 
if they are placed in positions away from the active magnetic field.  
 
 
                         
   
Figure 4.23: Influence of current density on phase torque (current is sinusoidal)                    
(a) Case1: without center mounting discs (b) Case2: with inactive center mounting discs                                                                            
(c) Case3: with inactive center mounting discs (located at x = 6.6 mm and z = 5 mm)   
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Figure 4.24: Influence of current density on three phase average torque 
For a current density of 11A/mm2, a slight increase of ≈1.24% in the output torque is achieved 
by shifting the aluminium center mounting discs. This increase will be slightly more with 
current densities higher than 11A/mm2. This effect will be further illustrated in Section 4.2.3. 
Figure 4.25 shows how the phase torque varies with different dc currents for the two cases, 
without/with aluminium center mounting discs. The negative portions appear in phase torques 
when using aluminium discs imply existence of higher components of cogging torque.  
 
 
Figure 4.25: Influence of current magnitude (DC currents) on phase torque                                   
(a) without center mounting discs  (b) with inactive center mounting discs 
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This figure is normally used as a lookup table in accompany with another lookup table of flux 
linkages as a function of angular positions and armature currents (e.g. Figure 4.34(a) as it will 
be studied later) for updating the controllers of TFMs as done in most of the control research 
of TFMs that are already given based on FEM in [B18], [K9], [G13], [G14], [S3], [S9]. Note 
that an analytical modelling away from FEM (known as gyrator capacitor, GyCap) that 
considers the non-linear effects is shown in [G2] and proved practically to be applicable in 
testing the controller operation. Other analytical models for FCPM-, SPM- and R-TFM that 
allow the parameter identifications of the corresponding machines are derived in [S4].  
 
 
 
 
Figure 4.26: Influence of current density on phase torque (DC current supply)                                
(a) Case 1: without center mounting discs  (b) Case 2: with center mounting discs                                                                            
(c) Case 3: with center mounting discs (located at x = 6.6 mm and z = 5 mm) 
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For better visualization, the figures in Figure 4.25 have been expanded in 2D format and 
shown in Figure 4.26, where the effect of the displacement of the center discs is added and 
shows to give improved shape in the torque waveform. 
The fill factor of the machine shows a big effect on the average torque and in general the 
performance of the machine. Figure 4.27 shows this effect for two machines, in segmented 
and layered configurations, respectively for the same volume and current density. The study is 
done without considering the center mounting discs.  
 
              
 
 
               
 
Figure 4.27: Influence of fill factor for layered and segmented TFM                                            
(a) Effect on average torque   (b) Effect on performance of the machines 
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Both the constructions can achieve the same average torque; if the fill factor for the layered is 
double its corresponding for the segmented structure. For a given fill factor, the segmented 
machine has achieved almost double the torque of the layered construction for the same 
volume and current density. This agrees with the comparison criteria found by equation 
(3.111) in Chapter 3. An increase of ≈33.3% in the fill factor has achieved the same amount 
of increase in the average torque for both constructions. The segmented construction has 
achieved better efficiency; however, poor power factor, which is opposite to the performance 
recorded for the layered construction. 
4.2.3 Mounting Layers, Shaft and Selection of Bearings 
4.2.3.a Influence of Position of Mounting Discs on Torque 
The aluminium mounting discs have been used in the machine to hold the strong PMs in their 
positions. The shape and dimensions of the holding discs are shown in Appendix H.4-H.6. 
The top and bottom holding discs are 2.0 mm thick and the other discs located at the middle 
are of 3.0 mm thickness and additional two aluminium discs of 1.0 mm thickness have been 
added to cover the surfaces of rotor from top and bottom.  
 
                             
Figure 4.28: Effect of shifting the mounting discs for 11 A/mm2                                              
(in radial and axial directions) 
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In order to investigate the impact of the location of the aluminium discs inside the machine on 
the machine performance, a study of the location of the discs in the construction has been 
conducted for a current density of 11A/mm2. Figure 4.28 shows the effect of shifting the 
aluminium discs in x- and z- directions that can be summarized in three regions. 
The aluminium discs can be can be shifted along the x-axis towards the air gap direction up to 
66.6% of the radial length of the PM without causing any reduction on the average torque. 
Shifting the discs along the axial direction within this radial period will not cause any problem 
too. However, shifting the discs more than 66.6% of the PM radial length will cause ≈25% 
reduction in the average torque and in addition the location of the mounting discs along the z-
axis will be having a significant effect on the output torque. The more favorable position will 
be in the region facing the winding areas in the stator until 85% penetration along the PM 
radial direction, after that the discs should be located in the center of the total axial length of 
the PM along the z-axis.  In Figure 4.29, the torque components of phase torque when the 
machine is assembled with and without the aluminium center mounting discs have been 
compared to its correspondences when the center mounting discs have been shifted by 66% 
out of the rotor radial length. In the three cases, the machines have been supplied with 
sinusoidal three-phase current supply for the same current density. The average torque has 
been increased by almost 60% when the center discs are shifted by 66%, which is slightly 
more when the aluminium center discs are totally removed. The reluctance torque does not 
show any significant value for all the cases.  
 
        
 
Figure 4.29: Torque with/without mounting discs for current density of 11 A/mm2 
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However, the recorded cogging torque is bigger when the aluminium discs are placed facing 
the air gap surface (case 3) than when the center mounting discs are not there or shifted by 
66% (case 1 and 2). The negative torque portions that are found in the phase torque waveform 
when the center aluminium discs are used; give indication that the machine need more current 
supply to overcome these braking moments. 
4.2.3.b Influence of Position of Mounting Discs on Induced Flux and Voltage 
The position of the aluminium discs has effect on the no-load operation. By finding the 
derivative of the flux linkage due to the PMs with respect to the angular position without 
considering the armature reaction, the induced no-load voltage, in other words speed voltage 
can be found. Since the derivative of the flux linkage will change before the flux itself, the 
voltage will lead the flux as shown in Figure 4.30 and agrees with Equations (3.59) and 
(3.61). A reduction of ≈ 33.3% in the no-load voltage has been recorded as inactive 
aluminium discs are placed directly in the air gap (i.e., at location x = 0 mm and z = 5.0 mm 
according to Figure 4.30). However, the induced voltage will almost not be affected if the 
aluminium discs are kept there with a shift in their positions to the location x = 6.6 mm and z 
= 5.0 mm. Clearly, the flux in the machine is produced not only by the PMs, but also the 
armature current. The flux linkage of the phase winding for sinusoidal current variation along 
the angular positions is shown in Figure 4.31 for three cases.  
 
       
 
Figure 4.30: Total coil flux linkage and induced voltage with/without mounting discs                    
(at speed 200 rpm) (Winding has 27 series with 8 parallel turns)  
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The first case is due to only the PMs, the second case is from the armature current and the 
third case is the total effect for both the PMs and armature current.  These fluxes are 
calculated by the FEM along with the frozen permeability technique [W1].  Firstly, the time 
variations in the permeability at each finite element in the core are calculated and memorized 
by using the nonlinear time stepping FEM. Secondly, these results are given to the linear 
FEMs due to the angle of the rotor.  
 
     
 
 
        
 
 
Figure 4.31: Influence of mounting discs on flux linkage (with sinusoidal current waveform) 
(a) Case 1: without center mounting discs                                                                        
(b) Case 2: with center inactive mounting discs                                                                                             
(c) Case 3: with shifted center inactive mounting discs (located at x = 6.6 mm and z = 5 mm) 
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Figure 4.32: Influence of mounting discs on flux linkage (with sinusoidal current waveform) 
(a) Case 1: without center mounting discs                                                                                            
(b) Case 2: with center mounting discs                                                                                         
(c) Case 3: with shifted center mounting discs (located at x = 6.6 mm and z = 5 mm) 
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obtained by the linear FEM assuming the current to be zero. The induced flux in the coil due 
to PMs lags the armature current flux by 90 electrical degrees, which will ensure maximum 
torque productivity, especially the difference between the direct axis and quadrature axis 
components is very small that the machine appears to work as surface PM machine [O2].  
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DC current  Sinusoidal current 
 
 
 
 
 
 
 
Figure 4.33: Relationship between DC/sinusoidal current and induced flux in phase winding      
(a) Case 1: without center mounting discs                                                                    
(b) Case 2: with center mounting discs                                                                         
(c) Case 3: with shifted center mounting discs (located at x = 6.6 mm and z = 5 mm) 
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The flux due to solely armature current is on phase with both the armature current and the 
induced no-load voltage as can be deduced by comparing Figure 4.30 with Figure 4.31. The 
total induced flux from the PMs and armature current lags the armature flux by ≅ 50° 
electrical degrees without aluminium center discs or with the optimum position of the 
aluminium center discs. However, the phase shift for the total effect will reduce to ≅ 45° 
electrical degrees when the aluminium discs are placed in the magnetic circuit as illustrated 
by case 2 in Figure 4.31(b). 
The magnitude will be reduced by 31% compared to its corresponding value when the 
aluminium center discs are not mounted. The summation of the individual fluxes in the coil 
produced from the PMs and armature current will give the total effect, as long as the machine 
is not saturated, which is normally caused by the magnitude of the armature current. 
Under saturation, there exists a difference component and applying superposition will not give 
the actual effect of the total interaction between the fields of PMs and armature current. This 
difference component will increase as the current density increases. It can be seen from the 
figure that the induced flux in the coil due to the current is not saturated, although the 
simulation is done for 11A/mm2. Superposition can be applied for case 1 and 3, when the 
current density reaches up to 7A/mm2, otherwise this method is not valid. For case 2, the 
difference component will be obvious starting with 13A/mm2 for case 2 as can be seen from 
Figure 4.32. Note that applying sinusoidal current over angular position variation of two pole 
pitches will cause the flux to be shifted along the angular position axis (x-axis). However, 
applying a constant current over the two pole pitch cycle will cause the flux linkage to be 
shifted upwards or downwards based on whether the current is positive or negative. These 
phenomena can be shown from Figure 4.33. 
4.3 Estimation of Inductance Profiles 
By following the same approach done in Chapter 2, the flux linkage and the inductance 
variations are derived and plotted in Figure 4.34 for the FCPM-TFM with segmented stator. 
The flux linkage shows a slight envelop in the flux linkage along the angular position. This 
implies the very small component of the reluctance torque developed by the machine. By 
using the gradient of the flux linkage due to armature, the phase inductance is found in  Figure 
4.34(b).  As recorded from the figure, the inductances at the aligned and unaligned positions 
Ld and Lq are ≈0.252 mH and ≈0.2535 mH, respectively. The inductance will decrease as the 
machine reaches the saturation region with currents greater than ≈17A. At saturation Ld and 
Lq will have slightly smaller values of  ≈0.2505mH and ≈ 0.2514mH, respectively.  
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Figure 4.34: Influence of current magnitude on flux linkage and inductance                           
(without center mounting discs)                                                                                     
(a) Flux linkage (b) Phase inductance   
 
 
 
 
 
Figure 4.35: Influence of current magnitude on flux linkage and inductance                               
(with center mounting discs)                                                                                                            
(a) Flux linkage (b) Phase inductance  
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The shape of rotor poles is trapezoidal and the PMs are parallelograms and this will cause the 
difference in the air gap surfaces at the contact locations of the rotor poles to PMs, as can be 
clearly seen in Appendix H.3.  
This difference in the air gap surface has been considered in the simulation, therefore the 
phase inductance does not show its minimum inductance at the expected aligned position, i.e., 
at angular position 0°, however, at ±45°. This phenomenon occurs in a form of a swing along 
the aligned position, indicating that the air gap surface is not smooth at this region, which is a 
result of the different shapes of rotor poles and PMs. The magnitude of this swing is highly 
reduced with the use of center aluminium mounting discs as seen in Figure 4.35. However, 
there will have an influence on the shape of the supply voltage waveform as it is shown in 
Appendix K.3 and will be explained in Chapter 5. The use of the center aluminium discs has 
caused a reduction of almost 31.6% in the synchronous inductance Lq.  
4.4 Shaft and Selection of Bearings 
The calculation of the motor shaft is a mechanical task and is usually calculated through 
formulae, which is of direct relation to the output power and synchronous speed of the 
machine and must be sized according to the torsional load that is expected to carry as given in 
(4.1)  [B4]-[B5]. The minimum shaft diameter is in practice estimated by two methods either 
by finding the minimum diameter that can withstand at least two times the rated torque of the 
motor; or by calculating the minimum diameter needed to prevent torsional 
deflection/twisting during service that is a function of the allowable torsional shearing stress 
(in PSI or kPa) and the polar section modulus, which is a function of the cross-sectional area 
of the shaft [O1]. The shaft used in the designed segmented FCPM-TFM is made from steel 
with 8 mm diameter and fixed to the rotor housing as seen in Appendix H.4. 
                      
33.0
mst
sf
nK
KP
D 



⋅
⋅
=
shaft
shaft
 32100
 
(4.1) 
where;  shaftD  is diameter of shaft expressed in inches, shaftP  = shaft horsepower, sfk  = safety 
factor (3 for yachts, 8 for heavy commercial use), stK  = yield strength in torsional shear in 
lb/in2 and mn  = speed of rotor in revolutions per minute.  
The bearings, for in-wheel applications, are expected to exhibit high loads and must fulfill 
very high safety requirements.  They should support axial and radial loads, i.e., axial loads are 
the loads applied along the axis of the bearing, as opposed to radial loads, which are applied 
perpendicular to the axis of the bearing.  Therefore, selection of the bearing and an estimate of  
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Figure 4.36: Radial and axial bearings and their positions on shaft  
 
the raising forces in the machine are of a great importance in the machine design, especially 
the direction of loading will have effect on the uniformity of the air gap. In the segmented 
PM-TFM, chrome steel axial ball bearing and stainless steel radial needle bearings have been 
mounted on each side of the shaft as can be seen in Figure 4.36 to ensure the stability of the 
rotation, especially TFM is known to possess itself high level of normal forces.  
In particular, the radial needle bearings have been grouted with force inside the stator. Based 
on the material of the bearings chrome/stainless steel, both will ensure the operation rustproof 
due to the existence of chromium, however when a crack in the chrome plating happens in 
chrome steel axial ball bearing, then it will be subjected to rust, which will never happen in 
stainless case. Generally, rolling bearings include: ball bearings, roller bearings (tapered roller 
bearings, spherical roller bearings, cylindrical roller bearings and needle roller bearings) and 
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Balls are uniformly spherical, but the rollers may be straight cylinders, barrel-shaped, cone-
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for high running speeds and smoother running. The rollers are not cylindrical, but conical. 
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lifted up in only one direction. Tapered roller bearings are used in many car hubs, where they 
are usually mounted in pairs facing opposite directions. This gives them the ability to take 
thrust loads in both directions. They can support a range of operating temperatures from -30oC 
to 120oC. Recently, wheel-set bearing units with integrated sensors, for speed, temperature, 
etc appear in the market. The smallest size of this type of bearings has an inner diameter of 15 
mm and outer diameter of 35 mm, which implies that they come in big sizes that might not 
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pass to the small constructions of motors [F1]. In cylindrical roller bearing, cylindrical rollers 
are used instead of balls. These bearings can handle much more radial load, but can handle 
much less axial load, than ball bearings.  
If the primary use for the ball bearings is to handle radial loads, a deep groove radial ball 
bearing is the suitable one. In case of only thrust loads should be handled, then axial ball 
bearings passed to this requirement. Angular contact ball bearing is best suited, if the ball 
bearing will need to handle both thrust and radial loads. Using the wrong type of ball bearings 
in the application can seriously damage the application. Basically, thrust ball bearings are 
intended for exclusively axial loads. Ball thrust bearings are mostly used for low-speed non-
precision applications. However, they cannot take much radial load. The purpose of a ball 
bearing is to reduce friction and to support both radial and axial loads. There are four main 
parts of a ball bearing: two grooved, ring-like races or tracks (inner and outer ring), a number 
of hardened steel balls and a cage to space, separate and guide the balls. The inner race is the 
smaller of the two races and fits inside the larger outer race. The balls fill the space between 
the two races and allow the bearing to rotate smoothly within the grooves. An axial load is 
transmitted directly through the bearing, while a radial load is poorly supported and tends to 
separate the races, so that a larger radial load is likely to damage the bearing. The needle 
bearings are mainly used in engine components such as rocker arm pivots, pumps, 
compressors, and transmissions. In a rear-wheel drive vehicle, the drive shaft typically has at 
least 8 needle bearings (4 in each U joint) and often more if it is particularly long, or operates 
on steep slopes. Needle bearings are basically roller bearings, but the rollers are much smaller, 
making the bearing more compact [B15], [W10]. 
In attempt to reduce the induced currents in the bearings and shaft, conductive grease from 
manufacturer SmartGrease Nye with 300 Ohm.cm volume resistivity has been used.  In 
general, these currents are usually induced in the bearings due to three causes as stated in 
[A2]: either due to direct/alternate flux flowing in the shaft, produced by a difference of the 
potential between shaft and ground owed to electrostatic effects or grounding of rotor 
conductors to the core or it can be generated by an alternating flux linking the shaft.  
Basically, unbalances in magnetic circuits caused by non-symmetrical constructions, which 
causes more flux to flow in one side than in the other, gives a resultant flux linking the shaft. 
The use of segments in electric machines at all will give rise to some shaft voltages. The most 
effective methods of remedying bearing currents, other than insulating, are to punch holes in 
the yoke in the regions of low reluctance, thus raising all parts of the yoke to the same level of 
reluctance as done on the stator laminates. The conducting grease would lower the impedance 
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path through the bearing lubricant provide a continuous  reduced flow of current, prevent the 
build-up of static electricity and eliminating as well high current pulses [L6] and considered 
to be the minimum cost solution for reducing these bearings currents. Both methods i.e., 
punching holes in the yoke and use of conductive grease have been utilized in the design.  
In radial flux machines in segmented configuration, there exist direction relations between the 
poles number and the number of the segments with the existence of the induced currents that 
has already been developed in a table form in [A2] stating the frequency of the shaft currents. 
4.5 Recommendations for Design Improvements 
As a review of Chapter 4, certain points are recommended to be done in order to improve the 
output performance of the machine in its laminated construction for a given fill factor and 
current density.  
1. The center mounting discs should be drawn radially outside the magnetic circuit by 
66.6%, or can be cut by metal shears after the PMs are placed in the cage; this is also 
valid if the mounting discs are made from inactive materials. 
2. The enclosure for the active components in the rotor can be filled with more 
aluminium discs, where each disc can be divided into more insulated segments, and 
each segmented disc is placed with an alternative displacement relative to each other 
along the axial length of the machine; in attempt to redue the eddy currents losses and 
to improve the rigidity of the hausing. A similar method with centered segmented 
rings of different diameters is suggested in [G8]-[G9]. 
3. An attempt of a smaller air gap to reach, e.g. 0.4 mm. 
4. The ratio of air gap diameter to the total axial length of the machine should be at least 
2, while both the air gap diameter and axial length should be greater than 15 times the 
pole pitch of the machine. 
5. It is preferred to use trapezoidal shapes of PMs in order to increase the output torque. 
6. The height of the PM in the tangential direction is recommended to occupy 50% of the 
pole pitch, while its radial length is preferred to be 25 mm that will increase the flux 
concentrating factor by ≈50%.  
7. The stator pole tangential width should be kept at 80% of the pole pitch and no need to 
change the radial length of the stator pole. 
8. The stator core depth should be kept in its original stage that will allow the installation 
of the bearings. 
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9. Since sharp corners in PMs are easily to be demagnetized, it is favored to have round 
corners not only in PMs, however in rotor poles and stator too. It is found better to 
reduce the mounting cuts in PMs, however it is difficult mechanically to attain smaller 
cuts.   
Re-constructing the machine with the above-mentioned adjustments will improve the 
output three-phase torque by ≈30%. Other recommendations should be taken in 
consideration that will improve the output torque further can be listed as follows: 
• Since the eddy currents in PMs are noteworthy, it is preferred to divide the PMs in a 
number of segments along the axial direction to reduce these losses [Y1].  
• Rotor poles should be built from materials with high saturation level, e.g. laminated 
electric iron steel, cobalt steel or SMC material. However, with SMC prototype 
material that has low permeability, the rotor poles may reach the saturation and as a 
result, the PMs will not work at optimum operating region. Therefore, a special 
concern should be given in the design to cope the saturation level of the rotor poles 
and the maximum energy density of the PMs. 
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Chapter 5: Experimental Investigations 
5.1 Construction of Test Bench 
Testing and evaluating the operation and performance of the constructed test machine have 
required a test bench to be developed as shown in Figure 5.1.  The PM-TFM is driven by an 
8-pole PM synchronous machine servo motor. It has an integrated sinusoidal incremental 
decoder from company Heidenhain (Type: ERN1185-2048/±20°) [H5] for sensing the 
position of the rotor. The servo motor has the following ratings: line to line AC voltage 
3×24V, line current 27A, speed 550 rpm, output power 860 Watt and torque of 15 Nm. Both 
the machines are individually supplied by three-phase frequency converters. The utilized 
frequency converters are from German company UniTeck [U1]-[U2], one is Bamobil-D3 for 
controlling the servo motor, which can produce three-phase voltage of  3×33 Volt with 40A. 
 
 
Figure 5.1: Test bench of the FCPM-TFM with segmented stator 
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The second frequency converter for the TFM with output voltage of 3×32 Volt and maximum 
output current of 20A. Another sinusoidal incremental decoder is connected to the shaft of the 
TFM to provide its controller with the real-time position of the rotor. The used decoder is 
from company Heidenhain of type ERN1185-2048/±40°. 
With 2048 signal periods per revolution and a 1024-fold or 4096-fold subdivision in the 
subsequent electronics produces approximately 2 or 8 million measuring steps per revolution, 
respectively. This corresponds to a resolution of 21 (23) bits [H5]. The other side of the TFM, 
i.e., the outer rotor housing is connected to an adaptor disc, which has been designed to suit 
the diameter of the torque sensor. The other side of the torque sensor passed to the shaft of the 
servo motor via an elastic coupling.  
The torque measuring flange is from German company Hottinger Baldwin Messtechnik 
GMBH of Type T10F/FS [H8] and can measure till 100 Nm. A zoom in the shaft connections 
of the PM-TFM with segmented stator can be seen in Figure 5.2.  
 
 
 
 
 
 
 
 
  
Figure 5.2: Shaft connections of PM-TFM with segmented stator 
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Two DC supplies have been required to supply the frequency converters; one single phase DC 
rectifier from company Block [B20] to provide 24V-5A for the digital parts of the converters 
and another from company Phoenix Contact [P2] is a three- phase rectifier that supplies 48V-
20A for the DC link voltage in the converters.  
The mounting profile that consists of the base and L-shapes of the complete test bench 
including the holding U-shape of the torque measuring flange has been completely designed 
and in order to achieve profiles with precise dimensions passing to each other without big 
tolerances, the cutting process of all these parts has been done by using the laser technology 
as shown in Appendix H.8.  
5.2 Block Diagram of the Utilized Controllers 
Both frequency converters used for controlling the servo motor and TFM have the same block 
diagram that is illustrated in Figure 5.3 [U3]. The converters contain IGBTs, through which 
changing their switching frequencies, the desired voltage for the motors can be found. The 
controller can be switched as a cascade speed/current controller for controlling the speed; or 
as a torque open loop controller by controlling the level of the current. Through a serial port 
RS232, the desired command can be supplied to the device in analogue or digital format. 
Starting with the speed closed loop controller, the speed command will be given to the 
controller and it will enter a speed signal shaping phase, where the parameters of the speed 
Ramp-function should be passed with the desired speed command. The parameters of the 
Ramp-function includes the speed limit, acceleration and declaration times and the time 
between acceleration and declaration times, known as Ramp-Limit. After this shaping stage, 
the desired shaped signal will be compared to the actual speed of the rotor that is measured 
via the incremental decoder. The error speed signal will pass to the PID speed controller. The 
parameters of the PID speed controller should be set in advance by the user which contains; 
proportional, integral, derivative constants and maximum saved integration time. A current 
signal will be the output of the PID speed controller that will enter a current shape phase, so 
that this desired current should comply with the parameters of another Ramp function for 
adjusting the current settings. Four parameters of the Ramp-function should be set by the user, 
that include current rise time, maximum current, peak current time and continuous current. 
After this shape process for the current, a comparison stage will take place between the desire 
shape current and the measured current after the dq-transformation, i.e., Iq. The error signal of 
the currents will be sent to a PI-current controller along with the adjusted parameters, i.e., 
proportional, integral constants and maximum saved integration time. The required voltage in 
dq-coordinates will be send to space vector pulse width modulation (PWM) for calculating the 
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switching signals for the IGBTs of the converter to give the required input voltage to the 
motor. The speed controller can operate as desired with/without current restrictions. 
The torque controller will be accomplished through giving the torque command analogously 
or digitally in a similar manner as done with the speed controller. Basically, a torque 
command corresponds to the current level that should flow continuously in the motor. A 
current shaping stage will receive the desired level of the current by the user, where similar 
parameters as previously done should be set by the user. The shaped desired current signal 
will be compared to the measure current signal and the error signal will pass to PI-current 
controller. The outputs of the torque controller are voltages in dq-coordinates that will be sent 
to the space vector stage to calculate the switching signals to get the required input voltage for 
the motor. Desired restrictions in the torque controller can be achieved with the use of the 
current limiters and by activating speed limit that is set by the user, the speed controller will 
be initiated to take a place in limiting the speed. Note that applying torque command without 
connecting a load and without setting a speed limit will cause the motor to accelerate to a very 
high speed that may cause damage to the bearings. The control layouts and the settings of the 
controller that have been utilized within the test of the machine are shown in Appendix J for a 
low speed of 1 rpm and as the TFM is loaded with high current value of 20A. 
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Figure 5.3: Control block diagram of servo motor and TFM controllers 
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5.3 Measurement of the TFM’s Parameters (Resistance and Inductance) 
The resistances of the phase windings have been measured by the standard DC measurement 
method with the windings connected in star and each has 216 turns in series. Table 5.1 shows 
the differences between the phase resistances for temperatures 25°C and 47°C. The stator 
winding resistance, Ra is a temperature dependent parameter and can easily be calculated by 
the following known formula shown in (5.1). The measured values agree with the calculated 
ones as shown in Table 5.1. As the utilized winding has 27 turns is series with 8 parallel 
circuits, the value of the phase resistance is measured to be 0.042 Ω at room temperature. 
                
o
f
o TK
TK
+
+
= RRa  (5.1) 
where Ro is the resistance at room temperatue of To, K is constant determined by the material 
of wire (K = 234.5 for copper) and Ra is the winding resistance at final temperature, Tf.  
 Phase ‘a’ Phase ‘b’ Phase ‘c’ 
Resistance (216 turns in series),(@ 25°C) 4.1 4.4 3.8 
Resistance (216 turns in series),(@ 47°C) 4.4 4.7 4.1 
Calculated resistance,(@ 47°C) 4.45 4.77 4.1 
Table 5.1: Phase resistance of the winding connected in star 
The self and mutual inductances can be obtained by AC standstill test method [H2]. This 
method is adopted to be the simplest measuring method that can be applied to motors 
containing PMs; however, it is inapplicable for the saturated inductances. Thus, the measured 
values correspond to the unsaturated inductances. Since the winding is connected in star with 
a natural point, one phase is supplied with AC voltage, va and the phase current in the excited 
phase, Ia is measured and the induced voltages in the other phases are measured too. The 
measurements are taken place for different positions of the rotor along two pole pitch 
segment. The utilized equation is given in (5.2), where the electrical rotor angle is θ  and is 
the frequency of the supplied AC voltage is ω.   
                         ( )
ω
θ
2
a
a
a
aa
R
I
V
L
−
=  
(5.2) 
It has been found that the voltage has not shown a significant change with the position, which 
implies the small change in inductance along the rotor movement. A resistance of 3.0 Ohm 
has been added to phase (a) to avoid short circuit in the power supply. The measured phase 
voltage waveforms are shown in Figure 5.4(a) as phase (a) is excited by a sinusoidal current 
of ≈8A for the aligned position. As it can be seen from the figure, the recorded voltages of 
phases (b) and (c) are of small values, however they are 17% of voltage of phase (a), which 
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implies the existance of mutual inductances between the phases. The experiment has been 
extended for different values of currents, the induced phase voltages (b) and (c) with the self 
inductance for each current are plotted in Figure 5.4(b). The induced voltages in phases (b) 
and (c), will increase with the current until saturation occurs. The self inductance reduces with 
the current and reached 0.32mH with 7.8A.  
 
 
 
(a) 
 
(b) 
Figure 5.4: Measurement of self inductance                                                                                     
(a) Induced phase voltages   (b) Self inductance    
 
 
Induced voltages  
in phases (b) and (c) 
Phase shift due to 
added resistance 
Current and voltage 
across phase (a) 
Induced voltages (b), (c)  
are ≈17% of voltage in phase (a) 
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Comparing this value to the estimated one from Figure 4.34, the calculated value is ≈0.25mH. 
Generally, the equations of the inductances for a synchronous machine under no-saturation are 
given in [K9] by (5.3)-(5.5). 
       ( )θ2cosLLLL 2loaa ++=  (5.3) 
                 


−++=
3
22cosLLLL 2lobb
piθ  (5.4) 
                 


+++=
3
22cosLLLL 2locc
piθ  (5.5) 
The mutual inductances between the phases are usually found by using (5.6)-(5.8)[K9]. 
             


−+=
3
2cosMMM 2oab
piθ  (5.6) 
           


++=
3
2cosMMM 2obc
piθ  (5.7) 
          ( )piθ ++= 2cosMMM 2oca  (5.8) 
As an example, abM  is the mutual inductance between phase (a) and phase (b) by considering 
the air gap flux linking phase (a), when only phase (b) is excited. 
Since in dq theory [K9], the synchronous inductances, Ld and Lq are calculated by:  
          ( ) l2od LLL2
3L ++=  (5.9) 
           ( ) l2oq LLL2
3L +−=  (5.10) 
The more general form can be written for sinusoidal distributed winding [S12] as described in 
(5.11) and for non-sinusoidal distributed winding [C7] as done in (5.12): 
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→  Non-sinusoidal distributed winding (5.12) 
As can be seen from (5.11)-(5.12), the synchronous inductances are independent of the PMs 
as has been shown in Chapter 2; and can therefore be measured before or after the PMs have 
been inserted in the rotor.  
 
Chapter 5: Experimental Investigations  195 
 
5.4 Measurement of Flux Density Distributions via Tesla Meter 
The flux density distributions of the twenty-six permanent magnets that are used in the 
machine construction have been measured on three points over the magnets surfaces by a tesla 
meter. The location of the points are given in Figure 5.5(a). It has been noticed that the Tesla 
meter has given different values for all the magnets as can be seen from Figure 5.5(b), which 
implies the influence of the tolerances of the magnetic fields of the PMs. The utilized PMs in 
the test machine of FCPM-TFM with segmented stator have been ordered with round corners 
in attempt to reduce the effects of these regions that are normally exposed to demagnetization. 
  
 
  
 
   
 
  
                
 
     
  
 
Figure 5.5: Flux densities over three points of PM surfaces (Measurement)                                                                
(a) Location of test points (b) Flux densities over test points 
 Flux density (mTesla) 
PM 
Number Point 1 Point 2 Point 3 
1 300 240 255 
2 310 255 290 
3 295 250 280 
4 305 255 280 
5 308 260 309 
6 309 252 312 
7 297 256 305 
8 298 257 289 
9 303 261 290 
10 300 254 285 
11 303 260 296 
12 288 252 295 
13 292 261 300 
14 301 266 300 
15 308 258 319 
16 302 252 301 
17 321 253 325 
18 316 260 317 
19 304 265 305 
20 302 258 308 
21 294 260 300 
22 302 259 295 
23 298 257 297 
24 292 255 301 
25 298 255 277 
26 286 257 299 
Average 301.23 257.12 297.31 
 (a)        (b) 
PM surface 4 mm  
16 mm  5 mm  
PMs  
of opposite 
polarities 
Corners cut for 
mounting  
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Appendix I shows that if a current of three-times the rated current is applied at the d-axis, i.e., 
aligned position, the magnetic field will change its way via the rotor poles preventing the 
demagnetization of the PMs. 
Another experiment has been conducted, where the flux density has been measured right at a  
point located over the center between numbers of PMs as can be seen from Figure 5.6(a). As 
the number of PMs increases the maximum flux density of the PM material will be achieved, 
which is 1.25 T according to the data sheet shown in Appendix I. From Figure 5.6(b), the 
number of PMs should be more than ten to achieve 1.25 T.  
Through the two conducted experiments in Figure 5.5 and Figure 5.6, one should distinguish 
between the surface magnetic field and the residual flux density, Br. Br is a material property  
independent of the magnet shape and it can be measured as done in Figure 5.6. However, the 
surface magnetic field is the magnetic flux density measured right up the PM surface and 
depends on the magnet material, shape of PM and how it is used in magnetic circuit.  
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(b) 
Figure 5.6: Flux densities at center point of a number of PMs (Measurement)                                                       
(a) Location of a test point (b) Relationship of flux density with number of PMs 
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 (a)      (b) 
Figure 5.7: Flux densities at different locations between the PMs (Measurement)                                                       
(a) without poles (b) with steel poles 
 
 
 
Therefore, it is necessary to provide the manufacturing PM company with the required surface 
field of the PM to have the correct estimation of the flux concentarting factor. 
The magnetic flux density has been tested between two PMs in the rotor over several test 
positions for two conditions, while the rotor poles have been removed and with their 
existences, respectively as shown in Figure 5.7.   
The stator has not been set inside the rotor during this test. As depicted from Figure 5.7(a), the 
test points at the sides of the PMs having ≈ 3-5% deviation from each other. At the center test 
points, the magnetic flux densities show smaller values compared to their corresponding at the 
sides of the PMs. This effect comes since the flux lines weaken each other at the repel region.  
Comparing the values with their correspondences in Figure 5.7(b) the flux densities have been 
raised through placing the rotor poles, for example at point 14 from 255 to 320 mTesla, 
achieving ≅ 25.5% maximum increase in the flux density for these two PMs. 
Similarly, the magnetic flux densities have been tested over several test points on the stator 
poles as can be seen from Figure 5.8(a). In the beginning of the test, the coil is wounded with 
twenty series turns and a dc current of different values is supplied. Only the centre points of 
the centre poles of the first sector have been measured and recorded as shown in Figure 
5.8(b). The stator poles 1 and 4 show higher flux densities due to smaller area of the poles 
compared to the stator poles 2 and 3. As the current density increases more than 5A/mm2, the 
flux densities over the sides and the center poles will deviate from each other by ≅ 36%. 
Another test has been conducted, where in the first case, sector 1 has been wounded with 4 
coils over each other, each is of 20 series turns and the four coils have been connected in 
B (mTesla) 
with steel poles 
370 330 370 
335 290 320 
390 320 380 
 
340 345 405 
375 320 370 
350 320 365 
 
340 280 340 
360 300 350 
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(with no poles) 
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series to form 80 turns coil, in the second case, the four coils have been connected in parallel 
and for several values of currents the flux densities have been recorded as shown in Figure 
5.9. The flux densities for the eight series turns coil are almost four times the values obtained 
with the coil of 20 series turns shown in Figure 5.8(b). The results for parallel coils are 
consistent with those obtained from the series turns case, since the applied Ampere.turns in 
both cases is the same. It is clear the difference in flux densities between the side and center 
poles will increase proportionally to the current density. 
In order to see the effect of the wounding methodology of the coils on the other sectors, two 
cases have been studied. Each sector has been wounded with twenty series turns over each 
other and then connected in series to form eighty turns winding, where each phase winding 
has been excited with set of currents and the flux densities over the stator poles have been 
measured due to the supplied currents. The same test has been repeated for 216 series turns 
for each phase winding, where the eight wires are drawn to wound 27 turns simultaneously 
over each phase sector. 
Simulations of the stator without the existance of the rotor are shown in Figure 5.10(a), where 
one phase has been excited by 11A/mm2 for the two cases and without the existance of PMs. 
The level of shading is the same for both stators,  indicating higher flux densities on the side 
poles 1 and 4 compared to poles 2 and 3 in both stators. However, the center areas of all the 
poles have small levels of flux densities as the tesla meter has given that will not exceed 0.04 
Tesla with 80 series-turns and even not 0.09 Tesla with 216 series-turns winding. 
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(a)       (b) 
Figure 5.8: Flux densities over stator poles of first sector with coil of 20 series turns                                     
(a) Location of poles under test  (b) Flux density variations  
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Figure 5.9: Flux densities over stator poles of first sector for two different windings           
(with one coil of 80 series turns and with 4 parallel coils each of 20 series turns) 
Via the Tesla meter, the flux densities as expected have been increased proportional to the 
increase of number of turns, i.e., by a factor of ≅ 2.7 as can be seen from Figure 5.10(b)-(c). 
With the second method, the flux densities have shown better performance too, where the 
center and the side poles of all the phase sectors gave similar flux densities. However, 
connecting the coils after each other as in the first case has shown different responses from 
one sector to the other.  
In Appendix K.1, each phase has been individually excited with a set of currents and the flux 
densities over its all stator poles have been measured. The flux densities over the poles in 
sectors 2 and 3 are found to be identical; however, sector 1 shows a deviation. This can be 
explained due to the non symmetrical winding of sector 1.  The negative values of the flux 
densities on the poles of the top and bottom layers reflect the direction of flux lines. The flux 
densities over the poles on the top and bottom layers are almost the same and the flux 
densities over the poles 3 and 2 are equal to sum of the flux densities of the poles on the top 
and bottom layers 
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Figure 5.10: Flux densities over stator poles over stator poles of three sectors                           
(a) Simulation (b) Winding has 4×20 series turns (c) Winding has 8×27 series turns 
Current density (A/mm2)  
Fl
u
x
 
de
n
sit
y 
(m
Te
sla
)  
Fl
u
x
 
de
n
sit
y 
(m
Te
sla
)  
 
 
Current density (A/mm2)  
Difference in flux densities 
in center of poles is small 
 
One phase is excited 
with 11A/mm2 
4×20 series turns 8×27 series turns 
(a) 
(b) 
(c) 
Measurements  
Measurements  
Pole #1-sector1 
Pole #2-sector1 
Pole #3-sector1 
Pole #4-sector1 
 
Pole #1-sector2 
Pole #2-sector2 
Pole #3-sector2 
Pole #4-sector2 
 
Pole #1-sector3 
Pole #2-sector3 
Pole #3-sector3 
Pole #4-sector3 
Pole #1-sector1 
Pole #2-sector1 
Pole #3-sector1 
Pole #4-sector1 
 
Pole #1-sector2 
Pole #2-sector2 
Pole #3-sector2 
Pole #4-sector2 
 
Pole #1-sector3 
Pole #2-sector3 
Pole #3-sector3 
Pole #4-sector3 
Chapter 5: Experimental Investigations  201 
 
Since the areas of the stator poles 1 and 4 are smaller and are located at the sides; where there 
is no chance for a second parallel magnetic path to take place, the flux densities over these 
poles are higher than their correspondances in poles 2 and 3. The flux densities over the stator 
poles are relatively very small compared to their correspondences on the rotor poles, although 
the current density has reached ≅13A/mm2. Thus, it can be concluded that the stator will never 
reach the saturation from the currents; however the overlap resultant between the flux 
produced from the currents and flux coming from the PMs will cause the saturation. Another 
point should be clear is that the PMs will never be demagnetized from the armature flux; 
nevertheless the high temperatures, if the cooling of the winding is not enough, will affect the 
operating point of the PMs.  
5.5 TFM in Generator Operation 
In order to find the voltage of the converter that is suitable to drive the FCPM-TFM, the back 
EMF constant; i.e., volt/turn.rpm should be calculated. This constant gives an indication of 
how many turns are required to drive the machine for 12 Volt, 24 V or 48 V. The flux induced 
in one turn-coil can be easily found from simulation with FEM. Through finding the 
derivative of the induced flux in one phase winding as the rotor turns with respect to the 
angular position, the induced voltage can be found for a given speed.  
With a conductor of a diameter of 0.5 mm, the total number of turns, Ns × Np, required is 216 
in order to get a fill factor of 0.42 for a current density of 7A/mm2 with slot dimensions of 10 
mm × 10 mm, for hss and wss, respectively as calculated from (3.91) and (3.92).  In fact, the 
fill factor is smaller than the calculated one, since during the winding process, the number of 
turns have exceeded the slot width by 4.0 mm reducing the fill factor to 0.3 mm. For 27-
series-turns with eight parallel circuits phase winding, the voltage induced has a peak value of 
2V when the rotor turns at 200 rpm. Therefore, the back EMF constant is calculated from 
(5.13) to be 0.000262 V/turn⋅rpm. Four possible arrangements of the coils can be done with 
216 turns as indicated in Table 5.2. The dc-link voltage is calculated from (5.13) for speed of 
500 rpm and the phase current is calculated for current density of 7 A/ mm2.  
                          
ms
a
nN
V
ttanconsEMFBack
×
=  (5.13) 
Figure 5.11 shows the induced voltage from magneto-static  and practical measurement as the 
stator is wound with 80 series turns × 1 parallel circuit per sector and when the stator winding 
has 27 series turns × 8 parallel circuits per sector at the same rotor speed of 100 rpm. Clearly, 
the back EMF constant can be correctly estimated from the calculated and measured curves. 
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If the TFM is designed for maximum speed of 500 rpm with a converter dc-link voltage of 
12V, then Nt can be estimated from (5.13) as 92 turns.  From Table 5.2, Nt  satisfies 
10854 ≤≤ tN . Taking two parallel circuits, results in 108 turn per coil. The induced voltage 
will be calculated from (5.13) and reaches 14.15 Volt for 500 rpm, which is more than the 
planned supply voltage. If this winding will be used with 108 turns per coil for 12 V, then 
from (5.13), the maximum speed can reach ≅ 424 rpm for 12V.  There exists the possibility to 
have 4 parallel circuits. The induced voltage is calculated for 54 series turns/coil to be ≅ 7.074 
Volt for 500 rpm, which is less than 12V. If this winding will be used with 54 turns per coil 
for 12V, then from (5.13), the speed can reach ≅ 850 rpm for 12V.  
For 24V dc-Link supply, 183 series-turns are required; which lies in the interval 
216108 ≤≤ tN  according to Table 5.2. Taking two parallel circuits, results in 108 series turn 
per coil. The induced voltage will be calculated from (5.13) and reaches 14.15 Volt for 500 
rpm, which is less than 24V. 
 
 
Nt Np Vdc Ia 
216 1 28.30 1.38 
108 2 14.15 2.75 
54 4 7.07 5.50 
27 8 3.537 11.00 
Table 5.2: Possible connections of coils in one phase winding 
 
 
 
Figure 5.11: Induced phase voltage waveform at speed ≈100 rpm  
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If this winding will be used with 108 turns per coil for 24 V, then, the speed can reach ≅ 850 
rpm for 24V. Taking one parallel circuit per phase, results in 216 turns phase. The induced 
voltage will reach ≅ 28.3 Volt for 500 rpm, which is greater than 24V. This amount of voltage 
is not suitable for 24V converter; especially this voltage will be increased accounting for the 
voltage drop on the resistance of the coil. 
Having a maximum speed of 850 rpm with a maximum voltage of 48V, Nt is estimated to be 
216 turns, which will make the maximum speed to reach 848 rpm. From Table 5.2, there 
exists only one possibility for series turns, 216=tN . Taking one parallel circuit, results in 216 
series turns per coil. The induced voltage is calculated to be 28.3 Volt for 500 rpm and for 
200 rpm will be 11.32 V. If this winding will be used with 108 turns per coil for 24 V, then 
the speed can reach ≅ 850 rpm for 24V. 
Measured three-phase induced voltage waveforms at different speeds for three-phase star-
connected stator winding are shown in Appendix K.2(a)-(b) for different number of turns of 
stator windings. The induced phase voltages will never be identical mainly because the flux 
linking of each turn will never be the same as the other turn and the number of turns per phase 
may differ in the prototype from one phase to the other if one parallel circuit has one turn less 
than the others, especially the winding has been done by hand. 
 
   
Figure 5.12: TFG with 27 turns-stator driven with variable speed waveform  
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Figure 5.13: Summary of no-load induced phase voltage (rms) with speed  
Figure 5.12 shows the generated three-phase voltage waveforms generated from TFG as it is 
driven by a variable speed waveform. In order to investigate this phenomenon, the prime 
mover has been turned by the constructed TFM and the measured induced line-to-line voltage 
waveforms for different speeds are measured and plotted in Appendix K.2(c). Note that stator 
windings of the servo motor are connected in star as in the test machine, however there is no 
access to the neutral point in the servomotor. The induced line-to-line voltages from the prime 
mover are not identical to each other as it has been observed in the induced voltage 
waveforms of the test machine. A summary of the generated no-load phase voltages for 
different number of the turns along different speeds are shown in Figure 5.13; where the back 
EMF constant of the prime mover can be calculated to be 0.0011 V/rpm.turn, which is almost 
4.20 times higher than the machine under test with 27 series turns/phase.  
5.6 TFM in Motor Operation 
In order to provide the controller with correct position of the machine, reference signal from 
the sine encoder should be adjusted to start with zero start point of the no-load induced 
voltage. This is done via adjusting an offset input to the controller after plotting the reference 
and the no-load voltage. Through doing this, the peak induced voltage will occur over the 
permanent magnet and therefore the maximum torque of the machine will be achieved. 
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Figure 5.14: Encoder reference signal with no-load phase voltage 
Figure 5.14 shows the reference signal from the encoder with the no-load phase voltage 
generated by the TFM, where the reference signal and the zero crossing point of the no-load 
voltage are of 2 degrees apart from each other. These two degrees should be given by the user 
as an offset-input to the controller. Note that the start point has been considered from the 
negative cycle of the phase voltage. At load condition, Ia = Iq and Va will lead both Ef and Iq 
by an angle of  ϕ  and it is magnitude will be higher than Ef. Therefore, the terminal voltage 
equals: 
                         qqqafa IXIREV ⋅+⋅+=  (5.14) 
At normal condition in Figure 5.15(a), i.e., I ≠ Iq, therefore Id ≠ 0 and Ia will not be on phase 
with Ef. Hence;  the terminal voltage, Va can be calculated from Figure 5.15(a) as given in 
(5.15). 
                          ddqqdaqafa IXIXIRIREV ⋅+⋅+⋅+⋅+=  (5.15) 
Va will lead Ef by an angle of (ϕ+ψ) and it is magnitude will be higher than Ef. The armature 
current will lag Va by another angle ψ, where  ψ is called the power factor angle and (ϕ+ψ) is 
the load angle.  Figure 5.15(b) shows the phasor diagram of TFM, where the phasor of the 
induced no-load voltage is located at 90° i.e., over the PM which is equivalent to the q-axis. 
For best performance of FCPM-TFM; the peak value of armature current, Ia should be located 
at the position of peak value of the induced no-load voltage, which implies that the direct axis 
component of the armature current, Id should be kept at zero value. 
No-load  
phase voltage 
Encoder 
reference
signal 
Offset set in the 
controller by the user 
Encoder 
reference
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Figure 5.15: Phasor diagram for optimal operation of TFM  
 (a) Normal condition, Id ≠ 0 (b) Optimal condition, Id = 0      
Note that the peak value of induced voltage occurs over the PM, where the flux linkage is at a 
minimum value. Whereas in SPM-TFM; the maximum induced voltage occurs when the 
stator pole is located at the position between the PMs, where the flux linkage is at a minimum 
value as shown in Chapter 2. At no-load condition, i.e., the current is at minimum value and 
therefore; no phase shift between the terminal, Va and the induced voltage, Ef.  In order to 
start the TFM in motor operation, the correct parameters should be set in the controller. The 
utilized controller is particularly suitable for battery-driven vehicles as well as for controlling 
different types of battery-supplied rotating field electric machines, such as three-phase 
servomotors, PM synchronous and induction machines. It can be set by the user for different 
control operations, such as cascade speed/current or torque/current controller, where both 
operations can be run within current and speed restrictions. Moreover, it can be used as a 
position controller. An overview of the required parameters for the block diagram of the 
controller are shown in Appendix J. The controller of the test machine has been adjusted as a 
speed controller; while the servo-controller is set as a torque controller. 
The change in phase voltage and current waveforms are shown in Figure 5.16 for two cases. 
In the first case, the speed is kept constant (50 rpm), while the load has been changed from 
no-load to 1.0 Nm towards 1.5 Nm and reduced to 0.7 Nm as illustrated in  Figure 5.16(a). In 
the second case, the load is kept constant and the speed has been altered from 10 rpm to 50 
rpm in reverse direction to standstill as plotted in Figure 5.16(b).  
(b) 
Va 
I
 a= Iq 
Ef 
Ra⋅Iq 
ϕ 
Xq⋅Iq 
Ra⋅Iq 
(a) 
Va 
Iq 
Ef 
Ia 
Id 
Ra⋅Id Xq⋅Iq 
Xd⋅Id 
ψ ϕ 
Chapter 5: Experimental Investigations  207 
 
 
  (a) 
  
(b) 
Figure 5.16: TFM characteristics at variable speed and load (Measurements) 
(a) at variable load cycle and constant speed 50 rpm 
(b) at variable speed cycle (10, -50, 0 rpm) and constant load 1.5 Nm 
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The voltage and current magnitudes will raise with the torque increase at constant speed, 
while their magnitudes and frequencies will change with the variable speed signal. The 
amount of ripple in torque waveform depicted in the second case are more, when the machine 
is  running at low speed (10 rpm), where the torque has shown a slight increase in its average 
value (± 0.1 Nm) with the change in speed. As the load increased, no observable switching 
peaks have been found in the voltage or current waveforms. Therefore, the test machine has 
shown expected behaviours to both the variable torque and speed signals.  
5.7 Analysis of Phase Current waveforms in TFM with Segmented Stator  
By observing the variations of the phase current waveforms that are plotted in Figure 5.17(a) 
for 200 rpm with a load of 2.0 Nm, it can be deduced that the rms value of current waveforms 
should be estimated by other means. As the MMF follows the flux density in the air gap, the 
phase current has shaped itself following the air gap permeances and therefore the sinks in the 
current waveforms are due to the distances located between the stator phases and moreover, 
the relationship between the number of poles in the TFM (26 poles) and the servo motor (8 
poles) is 3.25 will broaden this current shape. Basically, the current waveforms appear to be 
slighly amplitude modulated (AM) signal, which can be expressed by mixing two signals, 
namely one of low frequency (14Hz) called modulating signal and the other signal is called 
the carrier signal that has a frequency of 43.33Hz as illustrated in Figure 5.17(b) for one phase 
current. Since the amplitude of the modulating signal is relatively small compared to the 
carrier signal, the side band components will be of small magnitudes as found in the spectrum 
analysis shown in Figure 5.17(c) and moreover the carrier frequency will have a more 
dominant effect on the frequency of the current waveform.  
The frequency of the modulating waveform is one-third the frequency of the current 
waveform, which implies the effect of the distances occupied by the end-turns between the 
stator phases. The carrier and modulating signal and the mixed signal equations, ica(t), ima(t), 
ia(t) can be expressed by (5.16)-(5.18), respectively. 
                 ( ) ( )coca θt2πsinI += cca fti ,   fc = 43.33Hz (5.16) 
                 ( ) ( )moma θt2πsinI += mma fti ,   fm = 14Hz (5.17) 
                   ( ) ( ) ( ) ( )comomacoca θt2πsinθt2πsinIθt2πsinI +⋅+⋅++⋅= cmca fffti  (5.18) 
The values of the amplitudes of the current components have been calculated as Ica = -23A 
and Ima= 7A for a load of 1Nm and a speed of 200 rpm. The values of θco and θmo indicate 
initial shifts of the waveforms.  
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Figure 5.17: Modelling of phase current waveform at 200 rpm as AM signal                                                                
(a) Three-phase currents and torque (b) Components of phase current waveform (c) Spectrum 
analysis of phase current 
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This shape of signal is known in communication networks as amplitude modulated (AM) 
signal and the degree of modulation is usually measured by a modulation index, mo that is 
defined by (5.19) and calculated for the phase current shown in Figure 5.17(b) as ≈ 30.43%. 
                     
ca
ma
o I
I
m =  (5.19) 
The power in one phase current can be estimated as for an AM signal that can be calculated 
by (5.20). Therefore, the calculated copper losses via (5.20) are ≈ 54% smaller than if only the 
peak current of the phase current waveform in Figure 5.17(a) would be considered.  This 
implies that the peak amplitude of the total phase current is not the actual peak value that 
correspondes to the effective current value for the TFM with segmented stator, which can be 
calculated by (5.21). 
                      
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5.8 Iso Maps of TFM and Power Losses 
Evaluating the performances of the machine has required running the test machine as a motor 
and loading it by the servo motor for different loads and speeds. Appendix K.3 shows the 
phase currents, voltages, torque and speed signals for 100 rpm at full load for two cases. In 
the first case, the test machine works as motor and in the second case as load. By comparing 
the shape of the phase current waveforms in both cases, the phase currents in the first case 
have an envelope, however in the second case, i.e., generator mode, the modulating shape in 
the phase currents is tremendous reduced.  
The input powers of the three phases are obtained for TFM in motor operation by finding the 
average value of the instantaneous input phase power for each phase. The instantaneous input 
phase powers are obtained by finding the product of each measured instantaneous phase 
voltage and the corresponding phase current waveform in time domain, respectively and by 
dividing the result by the number of samples, the average input phase power will be found for 
each phase. The addition of the average input phase powers will give the total three phase 
power required from the drive system. The output power is obtained by finding the product of 
the average values of the torque and speed signals, while taking into account the scaling factor 
from the data sheets. It is found that the input phase powers obtained via implementing zero-
phase filtering to the applied phase voltages mathematically are the same as those obtained 
without using the filter. The instantaneous output power waveform is plotted in the appendix 
too. The speed signals in both mode of operations show slight oscillations; which have been 
reduced by increasing the value of Kp in the current controller and consequently for higher 
speed. 
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As a summary for the performances of the test-machine, the measured efficiency variations of 
the machine are shown in Figure 5.18 over the torque speed plane in efficiency map 
illustration. It can be deduced from this figure that the maximum efficiency can reach ≈53% 
with light load that lies between 30%-40% of full load and along a speed range of 100-200 
rpm. Although the machine has shown smooth operation in the small speed range, the 
maximum recorded efficiency is 30%. Both the voltage and current signals have a tolerance of 
≈ ±5%. The torque and the speed signals are measured with the tolerances of ≈ ±3%. 
At each speed, the efficiency starts to increase with the increase in load until it reaches its 
maximum value, then it drops down at higher loads. The components of the power losses are 
compared at full load operation over the entire speed range and shown in Figure 5.19. It is 
obvious that as the rotor speed increases the total power losses will raise, which correspond to 
rotor losses, including rotational, stray and eddy current losses.  The stator core losses are 
proportional to the magnetic flux density square. Even if the hysteresis losses increase with 
the speed (proportional to frequency) and eddy current losses increase too (proportional to 
square of frequency), the resultant losses may decrease or remain constant. Of course, if the 
machine operates at high magnetic flux density in the stator core, the magnetic saturation also 
affects this behavior of losses. The copper losses are normally calculated by 3I2R, when the 
current waveform is purely sinusoidal. As this is not the case in the TFM with segmented 
stator, (5.20)-(5.21) have been used in the calculations, where the copper losses causes the 
major losses in the test machine. As the rotor speed approaches 200 rpm, the rotational losses 
increase attaining the copper losses and is expected to be more at higher speeds. 
 
Figure 5.18: Efficiency map of FCPM- TFM in segmented construction  
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Figure 5.19: Power losses at full load and different speeds (Measurements) 
 
5.9 Operation of TFM from a Three-Phase Supply via a 3-Phase Transformer 
The machine has undergo direct on-line starting method test. The test has been done by 
supplying the TFM directly from three-phase supply starting from low to high voltage via a 
three-phase transformer. Note that the drawn three-phase currents will consequently increase 
with the increased supply voltage. Having the 3-phase supply increased, the transverse flux 
machine (TFM) did not start and it showed only vibrations and gives sounds like a loaded 
transformer. This implies that this motor is not self-starting. Using variable-frequency starting 
method is normally impractical, and a cage winding in the rotor also will not solve the starting 
problem, because the segmented stator does not produce any rotating magnetic field and its 
mechanical form does not support the magnetic overlapping.  
Another starting method via pony motor has been done to start the TFM directly from the 
three-phase supply. A servomotor has been used as a prime mover to drive the TFM to 
synchronous speed of 230 rpm, which is the speed corresponding to 50Hz supply as TFM has 
26 magnets. Then the 3-phase voltage of the TFM has been increased via the three-phase 
transformer to bring TFM in synchronization with servomotor speed. Note that the increase in 
the three-phase supply voltage was done from low to high voltage taken into consideration 
that the sequence of the supply phase voltages feeding the TFM; is in the same sequence of 
the induced three-phase no-load voltage of the TFM; otherwise the synchronization will not 
take place. After that the servomotor is turned off, the TFM keeps rotating in synchronization 
with the 3-phase supply without the pony motor.   
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Once the TFM runs at synchronous speed, the 3-phase supply has been reduced to 1.59 Vrms 
(2.2Vpeak) with a phase current = 2.4 ARMS (3.4Apeak) without any problem.  
To load the motor after the TFM turns with synchronous speed, the servo has been set as 
Analogue Load with an opposite direction command (+CMD) and the servo is turned on again 
to load the TFM and it has succeeded to load the TFM without breaking up the rotation of the 
TFM. The current limit in the current controller that belongs to the servomotor (pony motor) 
has been set to its highest permissible current level, otherwise the controller will shut down.   
Figure 5.20 shows the sequence of stages in the starting method via illustration of a phase 
voltage and current as well as the speed and torque signals as the TFM turns with 230 rpm 
speed. In order to calculate the power factor under load condition, when TFM is supplied with 
three-phase supply a zoom in has shown that the machine operates at a power factor 0.63 as 
shown in Figure 5.21.  
Therefore; the following points can be deduced: 
1) To turn TFM, it is required to bring it first to synchronous speed by means of a second 
motor, which is known as a pony motor and then it will turn on-line after disconnecting the 
pony motor. That means the TFM can be started without an encoder. 
2) TFM runs on-line without any inverter. 
3) This motor is not self-starting, because the stator does not produce rotating magnetic field 
as explained in Chapter 3 in Section 3.1.8. 
4) The amount of torque produced via three-phase sinusoidal supply is the same as its 
corresponding obtained with PWM, however with the later it contains more ripples. This can 
be seen by comparing Figure 5.21 with Figure 5.22.  
Generally speaking, the PM flux in PM machines, including radial flux types that have 
distributed windings, is dominant. Despite the existence of the rotating magnetic fields in 
normal PM synchrouns machines, the use of cage winding in rotor will have some 
ramifications [N1] as the interaction of PM flux with stator currents during asynchronous 
operation of the rotor above zero speed, which produces a drag torque decreasing the 
induction torque available for starting and accelerating the motor. Moreover, the mechanical 
structure of the rotor should be changed. 
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Figure 5.20: Starting of FCPM-TFM with a pony motor by reduced voltage method 
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5.10  Power Factor Measurement 
In order to measure the power factor of the test machine, the TFM has been run from a pure 3-
phase voltage supply of 50Hz via a step-down 3-phase transformer without using a frequency 
converter at maximum load. The phase voltage, current, speed and torque signals are shown in 
Figure 5.21. The speed has attained 230 rpm, which corresponds to the supply frequency ≈50 
Hz and the power factor is recorded to be 0.63.  
 
 
 
Figure 5.21: Steady state operation via three-phase supply with load 
(a) Phase voltage and current, speed and torque signals under load condition 
(b) Power factor illustration under load condition  
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The power factor has been measured as the TFM is supplied from the frequency converter 
too. A filter is used to get the fundamental component of the input phase voltage, which is of 
a frequency ≈50Hz at a speed of ≈230 rpm as shown in Figure 5.22. The measured power 
factor has been found the same in both the studied cases. However, the power factor 
calculated for other loads is found to be smaller. 
 
 
 
 
 
Figure 5.22: Steady state operation via frequency converter supply with load and filter 
(a) Phase voltage and current, speed and torque signals under load condition 
(b) Power factor illustration under load condition  
Speed signal corresponds 230 rpm 
zoom in  (a)  
(b)  
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Phase voltage is filtered   
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5.11 TFM in Short Circuit Condition 
In this experimental investigation, the motor windings have been short circuited as the rotor is 
driven at different speeds. By this connection, the output electrical power at the motor 
terminals is kept zero, while the mechanical input power will be equivalent to the total losses 
in the TFM. Therefore; during the short circuit condition the total power losses equal the 
product of the torque during short circuit and the prime mover speed. This test has been done 
as the machine is wounded with 27 series turns with eight parallel circuits.  
Figure 5.23 shows the three-phase current waveforms as the prime mover speed is at 100 rpm 
and the average torque is recorded to have an average value of 1.238 Nm. Since the machine 
is of 26 poles, the frequencies of the current waveforms agree to have the same frequency of 
21.7 Hz. There are slight difference in the magnitudes of the phase currents, which imply the 
existance of difference in the number of turns of the stator phase windings. The total power 
losses during the short circuit test at 100 rpm are calculated to be 12.96 Watts. A summary of 
the results at different speed is shown in Figure 5.24. The working temperature region during 
the short ciruit test can be seen, which has not exceeded 45°C although the phase current has 
reached ≈15A.  
 
 
Figure 5.23: Phase currents and torque waveforms during short circuit condition at 100 rpm 
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Figure 5.24: Performances of test machine under short circuit condition                                 
(a) Average torque (b) Power losses (c) Peak and RMS of a phase current                                     
(d) Working temperature  
Calculating the copper losses for each speed via using the resistance value of ≈0.04Ω/phase 
and the armature current, the corresponding values of the losses are obtained to be similar to 
those obtained by short circuit test. This indicates that the major losses in the test machine are 
located in copper winding as shown already from the load test in Figure 5.19.  
The direction of the current in the machine is as the machine working in generator mode and 
the induced no-load voltage will compensate the voltage drop on the resistance and 
inductivity on the direct axis, while the quadrature component of the armature current equals 
zero at short circuit condition as can be illustrated by the phasor diagram in Figure 5.25. 
 
 
 
 
 
 
 
 
Figure 5.25: Phasor diagram for short circuit condition in TFM  
Ef 
Ra⋅Id 
Xd⋅Id 
Id 
(a) (b) 
(c) (d) 
Chapter 5: Experimental Investigations  219 
 
5.12 Temperature Distribution Measurements 
The life of the motor depends on the operating temperature and in order to prolong it an 
adequate information of the thermal profile of the machine becomes necessary to be 
measured. Therefore, a thermal study has been carried out to calculate the thermal time 
constant and the thermal resistance of the test machine. The thermal time constant, tTH, is a 
measure of how long it takes a motor to reach thermal stability and is defined by the time 
required to reach 63.2% of continuous steady state temperature assuming constant power is 
dissipated over the entire time. The thermal resistance, RTH, is usually calculated in degrees 
per Watt and it measures how effectively the motor dissipates the generated heat. Figure 
5.26(a) illustrates the temperature rise and decay curves of the three-phase windings, where 
each phase has been individually supplied by a current density of 5A/mm2.  Despite the same 
current density, each temperature sensor has shown different values of the phases' 
temperatures. Another experiment has been conducted in Figure 5.26(b), through which only 
one phase has been excited by 5A/mm2, whilst the others have been kept without any current 
supply. The temperature of the other phases have been via conduction increased to almost 
75% the temperature of the excited phase.   
 
         
 
Figure 5.26: Decay temperature curve for three phases                                                                   
(a) all the 8 coils are connected in series and each phase carries 1A-dc                                          
(b) all the 8 coils are connected in series and only one phase carries 1A-dc 
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Figure 5.27 shows the temperature rise variations versus the time of one phase winding for 
constant applied power and for different speeds. The temperature plots show an increase of 
≈6.7% in the steady state temperature of the stator winding as the speed changes from 10 rpm 
to 50 rpm, then the steady state temperature remains constant for a higher speed of 100 rpm. 
The thermal time constant can be estimated as ≈10 minutes. The thermal resistance, RTH, can 
be estimated by the dividing temperature difference by copper loss of the phase winding [L8], 
which is (65-25)°C/ HotRI 2a ⋅  = 1.11°C/Watt. This indicates for each Watt dissipated, the motor 
will see a temperature rise of 1.11°C. Note that the total power losses are normally used 
instead of  HotRI 2a ⋅ , when the thermal resistance is to be calculated. However, HotRI 2a ⋅  works 
adequately for servos [M3] and; it can be deduced from Figure 5.27 that it can estimate the 
temperature rise in TFM too. 
 
Figure 5.27: Temperature rise curves at constant applied power for different speeds 
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5.13 Ratings of the Constructed TFM with Segmented Stator 
A summary of the main measured quantities of the test machine are shown in Table 5.3 based 
on Figure 5.18, the torque has reached 2.0 Nm with 20 A and the machine can be operated 
from 12 Vdc. The ripple of the torque waveform has reached ≈10% of the average torque. 
Based on the results of the simulations in Chapter 3; and in view of considering the 
aluminium mounting discs as air regions in the magneto-static simulations with a current 
density of 12.7A/mm2, the machine is expected to produce ≈3.86 Nm. Based on the relation 
between the electromagnetic torque and the induced no-load voltage, the amplitude of the 
induced voltage for 100 rpm will be ≈1 Volt, which is consistent with the measured value. 
This indicates an existence of an air gap power of ≈40 Watt. The difference between this air 
gap power and the measured output power will give the losses in the rotor, which  is ≈20Watt. 
These losses include eddy current losses, rotational and bearing losses. By referring to Figure 
3.56, the estimated eddy current losses in the whole rotor are ≈14Watt. Therefore, an 
additional power loss of ≈6Watt are found to be due to the other sources of rotational losses in 
the rotor.  
Performances Value Comments 
Output power (Watt) 40 with 200 rpm and with load ≈2 Nm with an 
efficiency of ≈33%.. 
Maximum torque (Nm) 2.0 with 20A (rms) based on Equation (5.21) 
with 200 rpm with an efficiency of ≈33%. 
Maximum speed at no-load (rpm) 650 In case no coupling to the servo motor exists. 
Maximum speed in test bench (rpm) 250  In current controller: 15 > Kp ≥ 5 . 
Ia (Peak value) (A) 33 The current waveform has an amplitude 
modulated shape. The current values 
correspond to maximum load. Ia (Minimum value) (A) 15 
EMF constant (mVolt/rpm⋅turn) 0.262  
Minimum supply voltage (Volt) 12   
Current density (A/mm2) 12.7 This corresponds to 20A (RMS). 
Fill factor 0.3 Some of conductors have occupied places 
more than the reserved slot area. 
Power factor 0.63 This is for pure three-phase power supply 
with a load of  ≈2 Nm. 
Efficiency (%) 53% Efficiency changes with 0.7 Nm load and 200 
rpm. 
Ripple in torque waveform  10% Calculated based on average torque. 
Thermal resistance (°C/Watt) 9.1 Calculated for half load at speed of 100 rpm. Thermal constant (Minutes) 8.70 
Table 5.3: Measured quantities of test-machine with segmented stator 
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6.1 Conclusions 
In this doctoral thesis, a compact construction of an outer rotor flux concentrated permanent 
magnet transverse flux machine (FCPM-TFM) with a segmented stator is presented, wherein 
the stator phases are placed around the shaft rather than placing them over each other in a 
conventional way along the shaft of the machine. Consequently, the ring windings have been 
replaced by multi-turns concentric ones that take a saddle shape due to the mechanical design. 
By this arrangement certain advantages have been attained such as a remarkable reduction on 
the total axial length of the machine while keeping the torque density high and relatively an 
outstanding reduction in noise at low speeds (≤ 50 rpm), despite running the segmented TFM 
with classical frequency converters. However, the ripple factor in the torque waveform is a 
significant point in this TFM due to the required distances located between the phases that are 
seen by the air gap as big air reluctances and they will cause accordingly a swing in the 
supply current waveforms, which is more observable at speeds higher than 50 rpm. This 
problem can be solved by dividing the stator in many sectors in attempt to reduce the 
distances between the phases. 
The designed FCPM-TFM has radial air gaps and can be reconstructed with different 
orientations of air gaps, e.g. axial air gaps or mixed orientations of air gaps. In fact, all the 
constructions available for ring windings such as those shown in Chapter 1 or the examples 
studied in Chapter 2 for TFMs with surface PM or flux concentrated topologies, can be 
reconstructed with segmented stators in two- or three- phase configurations. However, the 
geometrical allocation of the stator phases should pass to the magnetic poles in the rotor as 
obeying the electrical and mechanical phase shifts between the phases. In other words, a 
special attention should be given to the restrictions in the selection of the number of PMs, 
number of sectors within each phase, number of repeated stator poles within each phase 
segment and the distances between the stator phases, so that the machine can be set in 
operation without the need of additional components such as a starting capacitor. The 
mathematical considerations and modelling of FCPM-TFM with segmented stator have been 
in details explained in Chapter 3, in relation to their correspondences in layered structure. 
Periodical tables have been developed to provide a short cut for the designer showing the 
possibilities of the geometric realization of the segmented design for different number of PMs 
and number of sectors for different electrical and mechanical displacements. Many numeric 
Chapter 6: Conclusions and Recommendations  223 
 
evaluation studies have been conducted in the same chapter to assure its working capabilities 
and performances. These studies have included a magneto-static comparison of TFMs with 
stators in layered and segmented phase sectors as well as stators made with soft magnetic 
composite (SMC) that allows the shaping of stator pole surface areas. Similar assessment 
studies have been conducted for SPM-TFMs with segmented stator. Mainly, the studies are 
done by using magnetic equivalent circuit (MEC) and finite element method (FEM) on base 
of maximum electromagnetic torque and the amplitude of the induced no-load voltage, which 
will imply the required voltage of the frequency converter. A simple method of placement the 
stator windings in the segmented stator has been suggested in Chapter 3 for SMC stator, 
which can facilitate the coiling process via introduction of windings packets. 
Considering the torque components of the design shown in Chapter 3, the cogging torque 
0.6% of the average output three-phase torque. This considered to be a small value compared 
to a normal FCPM-TFM with layered structure. Although the reluctance torque component is 
not significant in this design for segmented and layered variants, the air gap power shows to 
be higher compared to that produced by SPM-TFM with segmented stator by ≈53.6%. The 
analysis in Chapter 3 has been extended to study the magnetic forces, i.e., normal and axial 
force components in the machine that tend to excite undesirable mechanical modes resulting 
in acoustic noise besides additional ripples in the tangential component. The study shows that 
the tangential force component or equivalently, the output torque can be easily estimated by 
placing a 2D- grid of half the machine axial length, in the middle of the air gap, and 
evaluating the integral of the product of the radial and tangential components of the flux 
density over the area of the grid. This method gives efficient results that are consistent with 
what Flux3D software from company Cedrat reveals for the cogging, reluctance and 
commutating torque components. For studying the normal and axial force components, a 2D- 
grid of total axial length of the machine has been required, so that the axial component of the 
flux density can be correctly calculated. The end turn effects are neglected during the 
magnetic forces study, because the winding length in a slot is large relative to the end turn 
length and therefore they have a small influence on the magnetic forces.  
Since the winding and slot having interactive effect; the effect of locations of coils in the slot 
on the induced flux has been studied in Chapter 3, showing different induced flux variations 
for SMC and laminated constructions of the stator. In case of laminated stator, the more are 
the coils near the core, the higher is the torque. The increase in flux is recorded to be 33.3% at 
the q-axis position for different current densities. However, the case shows the opposite 
behavior for SMC stator, because of the increased surface areas of the poles. The location of 
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coils should not normally be directly close to the air gap, because this will initiate the pole tip 
effect that causes the stray flux that will increase the eddy current losses on the coil 
conductors, which can be more proved via transient analysis. 
The magnetic field in flux concentrated permanent magnet transverse flux machines; FCPM-
TFM is of a three-dimensional, 3D pattern. This initiates the occurrence of eddy currents in 
the parts of conducting materials of the stator, rotor, coil conductors and in the PMs as well, 
where magnetic fields exist in perpendicular directions to their planes, causing an apparent 
reduction in the efficiency. A study of these losses is presented through utilising 3D-finite 
element (FE-) method via Flux3D through transient application in Chapter 3. Despite the 
good results obtained by simulations in transient approach, it takes a very long time especially 
if a fine mesh is used.  
A parametric study has been investigated in Chapter 4 in attempt to get better performances of 
the machine. It is found that the mechanical mounting discs in the rotor has a big influence on 
the output capabilities and especially if non-active mounting discs of the housing lie in the air 
gap region. It is found that the mounting discs can be shifted towards the air gap direction up 
to 66.6% of the radial length of the PM without causing any reduction on the average torque. 
Moreover, shifting the aluminium discs along the axial direction within this radial period will 
not cause any problem. In fact, the existence of this center disc has caused 33.3% reduction in 
the induced no-load voltage.  
A test machine execution is shown in Chapter 4, where the experimental setup has been 
described in Chapter 5. It should be mentioned that the machine has been constructed without 
the use of glue to fix the several small parts in the rotor that include the PMs and rotor poles. 
The mounting process was utterly mechanically. Many difficulties have been raised through 
the assembly of the motor that should be mentioned here; such as the tolerances of the parts, 
especially when the parts are to be placed in a round shape. That has required the rotor poles 
to be cut twice so that the minimum tolerance will be attained. Furthermore, the coiling of 
stator was relatively the most time consuming task, since it has been done by hand and has 
required a big concentration, effort and endurance to reach the same number of turns in all the 
segments and that due to irregularities of the layers of the concentric coils and in addition the 
distances between each two phases are shared by the two phases, which will add to the 
complexity of the coiling process. 
Practical investigations are carried out in Chapter 5; such as generator mode of operation via 
illustrating the no-load 3-phase voltages at different speeds; and motor operation via 
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recording shaft torque, when the TFM is supplied with two shapes of currents, i.e., sinusoidal 
and from full commutating waveforms. The power losses, power factor and efficiency iso-
maps are shown from measurements too. By using the inductance profile estimation method 
via FEM shown in Chapter 2, the inductance phase inductance and the inductance in direct- 
and quadrature- axis have been calculated in Chapter 4 for the segmented construction and the 
cascaded PI-controller has been updated, as shown in Chapter 5, with these estimated 
parameters. The inductance values obtained by the measurement method, shown in Chapter 5, 
are consistent with the calculated values. 
The TFM is not a self-starting machine. Generally, the synchronous machines can be started 
by three ways, reduced frequency starting method via frequency converters, a low voltage 
starting method via a pony motor or by implementing a cage winding in the rotor. A cage 
winding in the rotor of the TFM will not solve the starting problem, because the stator does 
not produce a rotating magnetic field, however an alternating or pulsating magnetic field. This 
has been shown via FEM simulation in Chapter 3 and experimentally prove in Chapter 5. By 
comparing the starting behavior of TFM to PM synchronous machine with distributed 
windings a rotating magnetic field will exist if the stator supplied with 3-phase supply and if 
the PMs does not exist too. However, with the existence of PMs, the flux due to the PMs may 
interact with the three-phase currents and the PM motor will refuse to start too, especially the 
magnetic field of the PMs are normally more  dominant than the rotating magnetic field of 
armature currents.  
The constructed test machine (FCPM-TFM with segmented stator) has achieved 40 Watt at 
200 rpm with the highest efficiency of 53% at 5.5 A. Although the electromagnetic torque via 
FEM has reached 3.30 Nm with 20 A as the aluminium discs are considered as air, the highest 
measured torque has reached 2.0 Nm with the same current density. This implies that the rotor 
losses are equivalent to 40% of the air gap power. The power factor has reached 0.63% with 
three-phase pure sinusoidal power supply via a step down transformer. The no-load voltage 
constant is ≈ 0.000262 V/turn.rpm. The TFM has required a small voltage amount to set it in 
operation and a high current to produce the rated torque as the stator phases are coiled with 27 
series turns and 8 parallel circuits. The torque ripple waveforms show a quite significant 
amount, which is 10% of the average torque in best measured cases. This is expected to be 
reduced via the utility of optimised current waveforms. The parameters of the controller 
should be adjusted for each  range of speeds, for example, for low speeds (≤ 50 rpm), the 
parameter Kp in the current controller should be set as one and should have higher values for 
higher speeds. 
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It is expected that FCPM-TFM with segments to be a good candidate for a compact high 
torque in-wheel motor if more segments to be introduced per phase in the stator and this will 
be feasibly achievable if the machine to be re-designed in big diameters, where tapered 
bearings are recommended to be utilized that will absorb both radial and axial crafts and 
therefore will ensure the stability of the movement of the big diameter rotor. 
 
6.2 Recommendations 
Having the design, manufacturing and testing steps completed, finally some recommendations 
and ideas with future research subjects can be given. Here the recommendations will cover the 
further improvements of the designed TFM and also the application related topics. 
First of all, in order to improve the torque waveforms of the constructed FCPM-TFM with 
segmented stator, the stator should be reconstructed with more segments per phase attempting 
the reduction of the distances between the phases. Moreover, the stator poles areas facing the 
air gap can be enlarged in order to increase the effective air gap areas, which can be achieved 
by using SMC material. In fact, SMC material for mass production can be ordered from the 
Swedish company Höganäs in terms of optimized magnetic induction or minimum material 
losses. However, the prototype Somaloy SMC materials have lower permeability compared to 
electric steel. Additionally, to facilitate the placement of the windings inside the stator, the 
stator can be cut in layered pieces as shown in Chapter 3 and the windings packet will be 
easily placed from the shaft side and drawn towards the stator poles.  
Moreover, in order to increase the output torque, the mounting center discs in the rotor should 
be at a minimum radial distance of 66.6% of PM radial length from the air gap area, where the 
generated empty places between the rotor poles and the air gap should be filled with magnetic  
poles. Another suggestion is to place the PMs inside the center disc and then cut it by metal 
shears (as only helping tools to fix PMs in their place) and then the poles can be pushed 
between the PMs from the backsides of the PMs and hold by steel pins at the back of the 
poles. This will insure the reduction of the eddy losses in the rotor in case if the mounting 
discs are made of active or inactive materials and using laminated rotor poles will participate 
in the reduction of these losses. This study did not cover the drive circuitry and the required 
control for in-wheel applications. The optimization study of the overall drive system 
including, TFM, inverter, control and battery is advised to be conducted. 
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The influence of eccentricity on the transverse flux machines with segmented stator has not 
been covered in this PhD work and this topic is recommended to be further investigated. 
Another topic has to be studied is the generated magnetic noises in this axial flux machine, 
due to the existence of both radial and axial magnetic forces. 
Appendices  228 
 
 
 
Appendices 
 
 
 
Appendices  229 
 
Appendix A 
Derivation of Permanent Magnet (PM) Equivalent Circuit 
A.1.  By using demagnetization curve of PM: 
The demagnetization curve of PM of type NdFeB can be modelled by a straight line until 
operating temperature of 120°C as it is illustrated in Fig. A1.1 and via the following equation: 
PMPMrPM HBB µ+=  (A1.1) 
where; HPM  is  a negative value  
since;  
PM
PM
PM A
B Φ=  (A1.2) 
From the slope of BH-curve (Fig. A1.1); 
cPMr HB µ=  (A1.3) 
By substituting values of  (A1.2) and (A.3) in  
(A1.1): 
PMPMcPM
PM
PM HH
A
µµ +=Φ  (A1.4) 
By dividing both sides of (A1.4) by µPM : 
PMc
PMPM
PM HH
A
+=
Φ
µ
 
(A1.5) 
Multiplying both sides of (A1.5) by hPM : 
PMPMPMcPM
PMPM
PM hHhHh
A
+=
Φ
µ
 (A1.6) 
The reluctance of PM, RPM can be described as: 
PMPM
PM
PM A
hR
µ
=  (A1.7) 
Through comparing (A1.7) to (A1.6): 
PMPMPMcPMPM hHhHR +=Φ  (A1.8) 
By arranging (A1.8), a general formula will be 
generated as given in (A1.9). 
PMPMPMcPMPM hHhHR =−Φ  (A1.9) 
 
The PM equivalent circuit can be drawn based on (A1.9) as shown in Fig. A1.2, which is 
valid for only linear demagnetizing curve of PM as given in Fig. A1.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Slope is positive =  
 
 
 
negative 
 
positive  
Fig. A1.1: PM demagnetizing 
BPM Flux density of PM, Tesla 
HPM Field strength of PM, A·turn/m 
Br Residual flux density, Tesla 
Hc  Coercive force of PM, A·turn/m 
µPM Permeability of PM, Henry/m 
ΦPM Flux due PM, Weber 
Fc MMF of PM, Ampere.turn 
FPM MMF of PM calculated from working 
point on PM demagentising curve. 
hPM Height of PM, meter (along direction of magnetisation) 
APM Cross section area of PM, m
2 
(Perpendicular to direction of 
magnetisation) 
 
The poles N and S depends 
on direction of flux and BPM  
not on direction of Hc 
Fig. A1.2: PM equivalent circuit (for linear PM demagnetizing curve) 
 
 
 
 
 
 
 
 
 
PMPMPMPMPMc hHRhH =Φ+−  
 
 
PMΦ  PM
Φ  
PMB  
PMΦ  
PMB  
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It is important to note the followings: 
1)  HPM  and  BPM  define the operating point of PM from BH-demagnetizing curve. 
2) The MMF of the PM (Ampere.turn):  Fc and FPM  are different in magnitude and direction. 
PMPMPM hHF =  (A1.10) 
PMcc hHF =  (A1.11) 
By finding the value of HPM from (A1.10) and substituting it into (A1.1): 
PM
PM
rPM
PM h
BB
F
µ
−
=  (A1.12) 
Therefore, HPM can be calculated from equivalent circuit and then substituted into 
demagnetization curve equation. The MMF FPM  shows the operating point of PM, whereas Fc  
indicates characteristics of the PM material.  
3) Direction of ΦPM is same as direction of BPM ; however it is opposite to the direction of HPM 
as can be depicted from PM demagnetizing curve. 
4) In PM equivalent circuit: HPM defines a negative value, while Hc represents a positive 
number as shown in Fig. A1.1. Normally, Hc is given as positive number from manufacturer, 
while HPM is calculated as a negative value. HPM depends on the operating point of PM. 
5) Normally PMs of NdFeB have linear demagnetizing curves until 120°C. 
 
A.2.  By using core with air gap: 
To find operating point of PM by using Ampere's law for a magnetic path, Fig. A2.1 can be utilized: 
0=⋅∫ dlH  (A2.1) 
0=++ coregPM FFF  (A2.2) 
0lHlHhH corecoreggPMPM =⋅+⋅+⋅  (A2.3) 
By re-arranging (A.3): 
PMPMcorecoregg hHlHlH ⋅−=⋅+⋅  (A2.4) 
where HPM itself is a negative value, however;  
(−HPM ·hPM) is positive. If iron losses are neglected; 
0≈⋅ corecore lH  (A2.5) 
PMPMgg hHlH ⋅−=⋅  (A2.6) 
since  
o
µ
g
g
B
H =  (A2.7) 
By substituting (A2.7) into (A2.6): 
g
PM
PMg l
hHB
o
µ−=  (A2.8) 
By neglecting the leakage flux leads to ΦPM = Φg. 
ggPMPM ABAB =  (A2.9) 
PM
gg
PM A
AB
B =  (A2.10) 
By substituting (A2.8) into (A2.10): 
PM
g
g
PM
PMPM A
A
l
hHB
o
µ−=  (A2.11) 
By equating the two equations (A2.11) with (A1.1):       1MMF: magneto motive force. 
Fg MMF1 of airgap, Ampere.turn 
Fcore MMF1 of core, Ampere.turn 
Hg Magnetic field strength in air gap,A/m 
lg  Air gap length, meter 
Hcore Magnetic field strength in core, A/m 
lcore Mean length of core, m 
Bg Air gap flux density in air gap, Tesla 
Bcore Air gap flux density in core, Tesla 
µo Air permeability = 4×10-7 Henry/m 
Ag Air gap area, m2 
Φg Flux in air gap, Weber 
Φcore Flux in core, Weber 
µ rPM Relative permeability of PM 
 
Fig. A2.1: Magnetic circuit with air gap 
 
 
 
 
  
 
 
 
 
Φg 
Φcore, Bcore 
Bg 
ΦPM 
BPM  
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PM
g
g
PM
PMPMPMr A
A
l
hHHB
o
µµ −=+  (A2.12) 
By solving for HPM in (A2.12): 
PM
g
g
PM
PM
r
PM
A
A
l
h
BH
o
µµ +
−
=  
(A2.13) 
where; µPM  is the slope of the demagnetising curve of PM and is given in (A2.14). 
c
r
PM H
B
=µ  (A2.14) 
By using (A2.14) into (A2.13): 
PM
g
g
PM
c
r
r
PM
A
A
l
h
H
B
BH
o
µ+
−
=  
(A2.15) 
after simplification of (A2.15): 
PM
g
g
PM
rc
PM
A
A
l
h
BH
H
o
µ
+
−
=
1
1
 
(A2.16) 
By finding the limit of HPM  as lg → 0 and as lg → ∞, the following points on the demagnetization 
curve of PM will be found: 
0
1
1lim
1
1limlim
000
=




∞+
−
=




+
−
=
→→→
c
l
PM
g
g
PM
rc
lPMl
HA
A
l
h
BH
H
ggg
o
µ
 
(A2.17) 
The result of (A2.17) corresponds to the point Br on the demagnetization curve of PM. 
c
PM
gPM
rc
l
PM
g
g
PM
rc
lPMl
H
A
Ah
BHA
A
l
h
BH
H
ggg
−=




∞
+
−
=




+
−
=
∞→∞→∞→
oo
µµ 1
1lim
1
1limlim  
(A2.18) 
This corresponds to the point −Hc on the demagnetization curve of PM. 
Note that by multiplying both sides of (A2.13) by PMh :  
PM
g
g
PM
PM
PMr
PMPM
A
A
l
h
hBhH
o
µµ +
=−  
(A2.19) 
The result in (A2.19) is the equivalent source of PM, which agrees with the developed PM equivalent 
circuit of Fig. A2.1. In order to prove that (A1.9) and (A2.19) are identical, let us start multiplying 
(A1.9) by -1 and trying to prove the following equation: 
PMPMPMc
PM
g
g
PM
PM
PMr
PMPM RhH
A
A
l
h
hBhH Φ−=
+
=−
o
µµ
 
(A2.20) 
Starting with the arrangement of right hand side of (A1.9): 
PMPMPMcPMPM RhHhH Φ−=−  (A2.21) 
with  substititung (A2.14) and (A1.7) into (A2.21): 
PM
PMPM
PM
PM
PM
r
PMPM A
hhBhH Φ−=−
µµ
 (A2.22) 
Since ; 
PMPMPM AB=Φ  (A2.23) 
Therefore, by susbtituting (A2.23) into (A2.22); 
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PMPM
PMPM
PM
PM
PM
r
PMPM ABA
hhBhH
µµ
−=−  (A2.24) 
After simplification (A2.24); 
PM
PM
PM
PM
PM
r
PMPM B
hhBhH
µµ
−=−  (A2.25) 
By arrangement of (A2.25) will lead to (A2.26); 




−=−
rPM
PM
PM
PMrPMPM B
BhBhH
µµ
1
 (A2.26) 
By using (A2.10) into (A2.26); 
















−=−
rPM
PM
gg
PM
PMrPMPM B
A
AB
hBhH
µµ
1
 (A2.27) 
Since; 
gg HB οµ=  (A2.28) 
By using (A2.28) into (A2.27); 
















−=−
rPM
PM
gg
PM
PMrPMPM B
A
AH
hBhH
µ
µ
µ
ο
1
 (A2.29) 
 If iron losses are neglected; then by using (A2.6) into (A2.29); 






















−
−=−
PMrPM
g
g
PMPM
PM
PMrPMPM AB
A
l
hH
hBhH
µ
µ
µ
ο
1
 (A2.30) 
By simplifying (A2.30); 
PM
g
g
PM
PM
PMr
PMPM
A
A
l
h
hBhH
οµµ +
=−  
(A2.31) 
Therefore, both equations (A1.9) and (A2.19) give the same result, under the conditions of no 
leakage flux and core losses i.e. 0≈⋅ corecore lH . Therefore, as an outcome: 
PMPMPMcPMPM hHhHR =−Φ  = 
PM
g
g
PM
PM
PMr
PMPM
A
A
l
h
hBhH
o
µµ +
−
=  
A.3.  Derivation of air gap flux density, Bg: 
The air gap flux density can be derived from equation (A2.31), considering three cases, as 
following: 
Case 1:  Fig. A2.1, where no leakage flux exists, 0≈⋅ corecore lH  and APM  = Ag :  
g
PM
PM
PMr
PMPM
l
h
hBhH
οµµ +
=−  (A3.1) 
By using (A2.6) and (A2.28) and solving for −HPM ;  
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PM
g
gPM
g
PM
PMg h
l
BH
l
hHB
ο
ο µ
µ =−→−=  (A3.2) 
By using (A3.2) into (A3.1) and solving for Bg ; 




+
=
1
PM
g
rPM
r
g
h
l
BB
µ
 
(A3.3) 
where;   
°
=
µ
µµ PMrPM  (A3.4) 
Equation (A3.3) agrees with that found in [G6], when saturation is ignored by introducing a saturation 
factor, Ksat = 1. 
Case 2:  Fig. A.3, no leakage flux exists, 0≈⋅ corecore lH  and APM  ≠ Ag :  
By using the value of −HPM  from (A3.2), substituting it directly into (A2.31) and after simplification; 




+
=
1
g
PM
PM
g
rPM
g
PM
r
g
A
A
h
l
A
AB
B
µ
 (A3.5) 
Case 3:  SPM-TFM with U- and I- cores without leakage flux, 0≠⋅ corecore lH  and APM  ≠ Ag : 
In general, two steps should be done to calculate BPM or Bg: 
a) From equivalent circuit: 
044 =⋅+⋅+⋅ corecoreggPMPM hHlHhH  (A3.6) 
By arranging (A3.6); 
PMPMcorecoregg hHhHlH ⋅−=⋅+⋅ 44  (A3.7) 
Note: PMH is negative, while ( )PMPM hH ⋅− is positive. By substituting Hg from (A2.28) into (A3.7); 
PMPMcorecoreg
g hHhHl
B
⋅−=⋅+⋅ 44
οµ
 (A3.8) 
Solving (A3.8) for Bg will reduce (A3.8) to (A3.9). 
( )corecorePMPM
g
g hHhHl
B ⋅−⋅−= 4
4
οµ
 (A3.9) 
Since leakage flux is neglected, then equation (A2.9) can be used and therefore by substituting the 
value of Bg from (A3.9) into (A2.9); 
( )corecorePMPM
gPM
g
PM hHhHlA
A
B ⋅−⋅−= 4
4
οµ
 (A3.10) 
Therefore, from equations (A3.9) and (A3.10), Bg and BPM can be respectively found. 
b) From demagnetization curve of PM:  
By equating BPM derived from equivalent circuit in (A3.10) with its correspondance from  
demagnetising equation of PM (A1.1).  
( )corecorePMPM
gPM
g
PMPMr hHhHlA
A
HB ⋅−⋅−=+ 4
4
οµµ  (A3.11) 
Equation (A3.11) can be expressed by the following (A3.12). 
( )corecorePMPM
gPM
g
PMPMr hHhHlA
A
HB ⋅−⋅−=+ 444 οµµ  (A3.12) 
Since slope of PM demagnetisation curve cen be written as in (A3.13); 
Appendices  234 
 
PM
rPM
PM H
BB −
=µ  (A3.13) 
Substituting (A3.13) into (A3.12) leads to: 
( )corecorePMPM
gPM
g
PM
PM
rPM
r hHhHlA
A
H
H
BBB ⋅−⋅−=


 −
+ 444 οµ  (A3.14) 
After simplification of (A3.14); 
( ) ( )corecorePMPM
gPM
g
rPMr hHhHlA
A
BBB ⋅−⋅−=−+ 444 οµ  (A3.15) 
Solving (A3.13) for HPM and sustituting its value into (A3.15) will give (A3.16). 
( ) 



⋅−⋅


 −
−=−+ corecorePM
PM
rPM
gPM
g
rPMr hHh
BB
lA
A
BBB
µ
µο 444  (A3.16) 
By arranging (A3.16) ; 
























⋅
++=
ο
οο
µ
µµµµ gPM
corecore
g
PM
g
rPM
PMPM
PM
rPM
r
lB
lH
A
AlhBhB 444  (A3.17) 
By introducing  the saturation factor, Ksat into (A3.17): 




⋅+= satg
rPM
PMPM
PM
rPM
r klhBhB
µµµµ οο
44  (A3.18) 
where; 
οµ
gPM
corecore
g
PM
sat lB
lH
A
Ak 4
⋅
+=  (A3.19) 
Solving for  BPM ; 




⋅+
=
sat
PM
g
rPM
r
PM
k
h
l
BB
µ1
 
(A3.20) 
If APM = Ag (i.e. no fringing effects), Ksat will turn to be: 
οµ
gPM
corecore
sat lB
lHk 41
⋅
+=  (A3.21) 
Therefore, (A3.20) can model BPM  in a general format and the factor Ksat  will simulate the 
assumed operating conditions. As leakage flux is neglected, Bg = BPM  in SPM-TFM with U- 
and I- cores.  
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Appendix B 
Derivation of Torque Components in PM-TFM 
B.1. Derivation of Torque Components via Co-Energy Principle  
The components of torque can generally be derived for a PM-TFM as following [K6]; 
lossmagmechelec dWdWdWdW ++=  (B1.1) 
∑
=
⋅⋅=
m
k
kkelec dtiedW
1
 (B1.2) 
where;  m is number of phases. 
By expanding (B1.2) for three-phase machine: 
( ) dtieieiedWelec ⋅⋅+⋅+⋅= 332211  (B1.3) 
or can be expressed by (B1.4). 
( )θλ∑∑
==
⋅+⋅⋅=
m
1k
k
1
2 i k
m
k
kkelec ddtiRdW  (B1.4) 
where;  θ  is rotor angular position in electrical degrees and ( )tfk ,θλ = . 
( ) ( ) ( ) 
dt
d
tiRte kkkk
θλ
+⋅=  (B1.5) 
By multiplying (B1.5) by (ik(t)⋅dt): 
( ) ( ) (t)iddttiR(t)dtite kkkkk ⋅+⋅=⋅   2 λ  (B1.6) 
By substituting (B1.6) into (B1.2): 
( ) ( )∑ ∑
= =
⋅+⋅=
m
k
k
m
k
kkelec d(t)idttiRdW
1 1
2
  θλ  (B1.7) 
where ( )θλk  can be expressed by (B1.8) as following: 
( ) ( ) ∑
=
⋅+=
m
j
jkjpkk iL
1
)(θθλθλ  (B1.8) 
( )θλpk  accounts for flux linkage due to flux from PMs. By expanding (B1.8): 
( ) ( ) 31321211111 )()( )( iLiLiLp ⋅++⋅+⋅+= θθθθλθλ  (B1.9) 
( ) ( ) 32322212122 )()( )( iLiLiLp ⋅++⋅+⋅+= θθθθλθλ  (B1.10) 
( ) ( ) 33323213133 )()( )( iLiLiLp ⋅++⋅+⋅+= θθθθλθλ  (B1.11) 
By expanding mechdW  into components: 
θθθθ dTdTdW cogmech ⋅+⋅= )()(  (B1.12) 
By substituting (B1.7) and (B1.12) into (B1.1), while neglecting lossdW  and R = 0 i.e. iron and 
copper losses ≈ 0: 
( ) magcogk
m
k
k dWdTdTd(t)i +⋅+⋅=⋅∑
=
θθθθθλ )()(
1
 (B1.13) 
By re-arranging (B1.13); 
( ) magcogk
m
1k
k dWd)(Td(t)id)(T −⋅−⋅=⋅ ∑
=
θθθλθθ   (B1.14) 
From energy-co-energy curve in Fig. B1.1: 
( )   mag
m
1k
kkmag WiW −⋅=′ ∑
=
θλ  (B1.15) 
By finding derivative of (B1.15); 
Fig. B1.1: Energy and co-energy curves 
 λ 
i 
Co-energy 
Energy 
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( )( ) ( )magm
k
kkmag WdidWd −⋅=′ ∑
=1
 θλ  (B1.16) 
Applying chain rule to the first term in (B1.16) will result in (B1.17): 
( )( ) ( ) ( ) kkkkkk didiid ⋅+⋅=⋅ θλθλθλ      (B1.17) 
By substituting (B1.17) into (B1.16): 
( ) ( ) ( )     
11
mag
m
k
kk
m
k
kkmag WddidiWd −⋅+⋅=′ ∑∑
==
θλθλ  (B1.18) 
Through re-arranging (B1.18): 
( ) ( ) ( )    
11
∑∑
==
⋅−⋅−′=−
m
k
kk
m
k
kkmagmag didiWdWd θλθλ  (B1.19) 
By substituting (B1.19) into (B1.14): 
( ) ( ) ( )∑∑∑
===
⋅−⋅−′+⋅−⋅=⋅
m
k
kk
m
k
kkmagcogk
m
k
k didiWddTd(t)idT
111
  )( )( θλθλθθθλθθ  (B1.20) 
Therefore; (B1.20) can be simplified as in (B1.21): 
( )∑
=
⋅−′+⋅−=⋅
m
k
kkmagcog diWddTdT
1
                              )( )( θλθθθθ  (B1.21) 
Since magW ′  = ( )if ,θ  , therefore by applying chain rule: 
k
magmag
mag dii
W
d
W
Wd ⋅
∂
′∂
+⋅
∂
′∂
=′ θ
θ
 (B1.22) 
By substituting (B1.22) into (B1.21): 
( )∑
=
⋅−⋅
∂
′∂
+⋅
∂
′∂
+⋅−=⋅
m
k
kkk
magmag
cog didii
W
d
W
dTdT
1
                )( )( θλθ
θ
θθθθ  (B1.23) 
By dividing both sides in (B1.23) by θd : 
( )∑∑
==
⋅−⋅
∂
′∂
+
∂
′∂
+−=
m
k
k
k
m
k
k
k
magmag
cog d
di
d
di
i
WW
TT
11
                          )( )(
θ
θλ
θθ
θθ  (B1.24) 
Since from BH-curve; 
∫ ⋅=′ kkmag diW λ  (B1.25) 
( ) ( )  θλθλ kkk
kk
mag di
di
d
di
Wd
=⋅=
′ ∫  (B1.26) 
By substiuting (B1.26) into (B1.24): 
( ) ( )∑∑
==
⋅−⋅+
∂
′∂
+−=
m
k
k
k
m
k
k
k
mag
cog d
di
d
diWTT
11
                          )( )(
θ
θλ
θ
θλ
θ
θθ  (B1.27) 
By simplifying (B1.27): 
 )( )( θ
θ
θ cog
mag T
W
T −
∂
′∂
=  (B1.28) 
Via combining (B1.26) with (B1.8): 
( ) ∑∑∑
= ==
⋅+=
∂
′∂ m
k
m
j
jkj
m
k
pk
k
mag iL
i
W
1 11
)( θθλ  (B1.29) 
( ) k
m
k
m
j
jkjk
m
k
pkmag iiLiW ∂⋅⋅+∂⋅=′∂ ∑∑∑
= == 1 11
)( θθλ  (B1.30) 
( ) ∫ ∑∑∫ ∑
= = == =
⋅⋅+⋅=′
k
k
k
k
i
i
k
m
k
m
j
jkj
i
i
k
m
k
pkmag diiLdiW
0 1 10 1
)( θθλ  (B1.31) 
If the operating point in the linear portion of BH-curve:  
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( ) ( ) km
k
m
j
jkjk
m
k
pkmag iiLiW ⋅⋅+⋅=′ ∑∑∑
= == 1 11
)(
2
1
 θθλ  (B1.32) 
By substituting (B1.32) into (B1.28): 
( )  )()(
2
1
 )( 
1 11
θθθλ
θ
θ cogk
m
k
m
j
jkjk
m
k
pk TiiLiT −



⋅⋅+⋅
∂
∂
= ∑∑∑
= ==
 (B1.33) 
( )
 )()(
2
1
 )(
1 11
θ
θ
θ
θ
θλθ cogk
m
k
m
j
j
kj
k
m
k
pk Tii
L
iT −



⋅⋅
∂
∂
+⋅
∂
∂
= ∑∑∑
= ==
 (B1.34) 
( )
  )()(
2
1
 )(
 
 tan
1 1
 
1 321
444 3444 2144 344 21 torquecogging
cog
torquecereluc
k
m
k
m
j
j
kj
torqueneticelectromag
k
m
k
pk Tii
d
dL
i
d
d
T θ
θ
θ
θ
θλθ −⋅⋅+⋅= ∑∑∑
= ==
 (B1.35) 
where; 
( ) ( )
   
,
  
,
 
dt
d
d
td
dt
td
e
pkpk
pk
θ
θ
θλθλ
⋅==   (B1.36) 
Note the torque has two positive supportive components and the cogging torque is of negative 
value. The electromagnetic torque is in some references called magnet or interaction torque. 
In SPM-TFM, the magnet flux linkage is the only source of torque, the inductances at the 
aligned or unaligned positions are the same and of very small values that the reluctance torque 
component does not exist. However, the torque will have three components in FCPM-TFM. 
Due to the presence of reluctance torque component in addition to the magnet torque 
component, the total output torque in FCPM-TFM is higher than its correspondence in SPM-
TFM. Therefore, (B1.35) can be re-written in a general form as appears in (B1.37). 
( )
( )








−→−⋅⋅+⋅
−→−⋅
=
∑∑∑
∑
= ==
=
TFMFCPM)(Tii
d
dL
2
1i
d
d
TFMSPM)(Ti
d
d
)(T
torquecogging
cog
torquecetanreluc
k
m
1k
m
1j
j
kj
torqueneticelectromag
k
m
1k
pk
torquecogging
cog
torqueneticelectromag
k
m
1k
pk
43421
4444 34444 2144 344 21
43421
44 344 21
 
 
 
 
 
)( 
θ
θ
θ
θ
θλ
θ
θ
θλ
θ  (B1.37) 
The motor has a tendency to prefer certain positions where the magnetic alignment is best. 
This is called cogging and creates torque disturbances. The cogging torque component is 
precisely defined as the attraction tangential force that occurs between the active PMs in the 
rotor and the soft magnetic parts of the stator as the stator coil is not excited. The reluctance 
torque component, is the force due to the attraction between the soft magnetic parts in stator 
and rotor that faces the air gap i.e., due to saliency. The interaction torque component is that 
due to interaction force between the magnetic field of armature current and that of PMs in the 
rotor. In particular attention to SPM-TFM, only cogging and interaction torque components 
exit, as the permeability of the PM is almost equal to air, no change in the reluctance of the air 
gap appears under the case of SPM-TFM, therefore, the reluctance torque component 
disappears. These machines can only be operated in two- or multi-phase constructions. The 
FEM simulations are usually done for one phase and plotted over one τp, since the torque 
waveforms for the other phases are identical and shifted electrically by the equivalent 
mechanical phase shift between the phases. 
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B.2. Derivation of Torque Components via Stored Magnetic Energy Principle 
The change in the stored magnetic energy per unit volume i.e. magnetic energy density, 
dv
dWmag
 is calculated by: 
∫=
B
0
HdB  
dv
dWmag
 (B2.1) 
( )∫∫∫=
v
  dvdWW magmag  (B2.2) 
where; Wmag is the stored energy in: i) soft magnetic materials, such as steel,  ii) hard 
magnetic materials i.e. PMs, and non-magnetic materials, such as air. However, copper and 
aluminium will not store any magnetic energy [H9]. Therefore,  
iumminalumagsteelmagairmagPMsmagmag
dWdWdWdWdW +++=  (B2.3) 
The conservation law of energy due to an angular displacement of the rotor state is found by: 
.mechmag.elec dWdWdW +=  (B2.4) 
where elec.dW  is the change in electrical energy input without considering the resistive losses 
and equals the product of the input power and the time increment, i.e. dtie aia ⋅  and mech.dW  is 
the change in energy converted to mechanical work, either stored or lost and it is the product 
of the torque, Γ , and the angular displacement difference, dθ , which is expressed in radians. 
θddWmech ⋅Γ=.  (B2.5) 
It has been derived in Appendix B.1 that the torque in PM-TFM has three components, 
cogging, reluctance and interaction torque components. The cogging torque, due to merely 
PMs, can be calculated by setting elec.dW to zero in (B2.4) and substituting the result in (B2.5). 
Therefore, coggingΓ=Γ . 
0i
mag
cogging
a
d
dW
=
−=
θ
Γ  (B2.6) 
The reluctance torque component reluctanceΓ  can also be derived from (B2.3)-(B2.5). In this 
case, 
PMsmagdW will be the energy stored in the air occupied by locations of PMs. Therefore, 
airLocation_PMsmagairgapmagairmag
dWdWdW
←
+=  (B2.7) 
By using (B2.7) into (B2.3) and applying (B2.4) and (B2.5): 
θΓ ddWdWdWdtie
iumminalumagsteelmagairmagaa
⋅+++=⋅⋅ reluctance  (B2.8) 
Since 
dt
d
e a
a
i
i
λ
=  where 
aiλ  is the flux linkage due to armature current only. By substituting the 
value of 
ai
e  into (B2.8). 
( )
θθ
λ
Γ
d
dWdWdW
d
d
i iumminalu
mag
steelmagairmagi
a
a
++
−=reluctance  (B2.9) 
The electromagnetic torque, mΓ , which is the summation of coggingΓ , reluctanceΓ  and ninteractioΓ  can 
be calculated by following the same approach used in calculating reluctanceΓ , while the aiλ  will 
be replaced by the flux linkage due to ai  and the PMs, sia PM+λ , and the stored magnetic 
energy will include the energy in the PMs as well. Therefore, ( )
θθ
λ
Γ
d
dWdWdWdW
d
d
i iumminalu
magPMsmagsteelmagairmagPMs,i
a
a
+++
−=m
 
(B2.10) 
The interaction torque ninteractioΓ  can be found through calculating the product of derivative of 
coil flux linkage due to the flux of the PMs only with respect to the angular displacement and 
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the supply current only if the machine operates over the linear characteristics of the BH-curve. 
Thus, 
( )
materiallinear
a
PMmag i
W
   
ninteractio ⋅∂
∂
=
∂
′∂
=
θ
θλ
θ
Γ  (B2.11) 
Otherwise, subtracting coggingΓ  and reluctanceΓ  from mΓ will simply give ninteractioΓ . 
B.3. Derivation of Torque Components via Finite Element Method 
Generally, FE- computation method has a solid theoretical foundation. It is based on 
mathematical theorems that guarantee an asymptotic increase of the accuracy of the field 
calculation towards the exact solution as the size of the finite elements used in the solution 
process decreases. Flux3D software solves magnetic field problem by solving Maxwell 
equations with appropriate boundary conditions. For reasons of accuracy of the solution, 
applications are classified as electrostatic, magneto static, transient or time domain and as a 
consequence a specific type of solver is used in each case.  
Magneto static analysis is the simplest analysis procedure. Generally, static magnetic problem 
consists of ferromagnetic regions, PMs, coils and air. As the derivative with respect to time is 
set to zero, i.e. there is decoupling between the magnetic and electric field. It is described by 
four Maxwell equations, which are solved with three other equations which describe the 
material. Therefore, seven equations, i.e. laws of conservation and material equations are 
expressed for magneto static problem. 
In general, two models can be used for magneto-static problem, scalar and vector models. For 
the reasons of accuracy, required memory and non-unicity of the solution in vector potential, 
magnetic scalar potential is most used by the software [F3]-[F4]. The significant results that 
can be derived from this application: Magnetic flux density, saturation state, fluxes passing 
through a surface or in a coil, self and mutual inductances, energies, forces and torques. 
Magneto-static solver can be utilized to compare and analyze the flux density and the 
electromagnetic torque in TFM. 
Torque analysis using Maxwell stress tensor σij computes the local stress at all points of a 
bounding surface and then sum the local stresses via using a surface integral to find the 
overall force [H4]. In rotating electric machines, this calculation requires expressing the 
vector components of the air gap magnetic field in cylindrical coordinates, Br , Bθ and Bz as 
shown in (B3.1). 
n
BBBBBB
BBBBBB
BBBBBB
zzrz
zr
zrrr
r
r
r
r
















−
−
−
=
22
22
22
2
1111
1
2
111
11
2
11
µµµµ
µµµµ
µµµµ
σ
θ
θθθ
θ
 (B3.1) 
where nr  is a normal unit vector pointing outside a surface area S and equals [1 0 0]. µ is the 
permeability of the medium. B
r
 is the magnitude of the flux density vector, B
r
. By 
substituting the values of the unit vector and B
r
, the evaluated matrix will have the form 
introduced in (B3.2). 
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









=









 ++
−










=
z
rzr
zr
r
r BBB
BB
BB
B
σ
σ
σ
µµ
σ θ
θ
θ
0
0
2
11
2222
 (B3.2) 
Along the air gap, the normal and tangential traction for the tooth face or on a surface at the 
center of the air gap are: 










=









 ++
−










=
z
rzr
zr
r
r BBB
BB
BB
B
σ
σ
σ
µµ
σ θ
θ
θ
0
0
2
11
2222
 (B3.3) 
( )222
2
1
zr
air
rr BBBf −−=≈ θµσ  (B3.4) 
θθθ µ
σ BBf r
air
1
=≈  (B3.5) 
zr
air
zz BBf µσ
1
=≈  (B3.6) 
where fr, fθ and fz are the force components in normal, tangential and axial directions, 
respectively. The resultant of magnetic force acting on the stator at one position is expressed 
by torque, T and unbalanced magnetic force Fn from (B3.7)-(B3.8) and the axial forces can be 
estimated by evaluating (B3.9). 
dSfrT
S
θ∫ ×=  (B3.7) 
dSfF
S
r∫=n  (B3.8) 
 z dSfF
S
z∫=  (B3.9) 
Despite the symmetry in the TFM along the z-axis, i.e. existance of two parallel magnetic 
circuits, the variations of the flux density components found on a 2D- grid that is positioned in 
the air gap of half axial length of the machine, are not the same as if the grid have full axial 
length of the TFM. Therefore, these components have been estimated from utilizing a 2D- 
grid of full axial length of the TFM, especially the correct torque component has been derived 
via using them in evaluating Maxwell stress tensor. The generated flux components from half 
and full axial length 2D grids are compared in Fig. B3.1 for load condition. 
   
Fig. B3.1: Comparison of flux density components on 2D- grid of half and full axial length  
Angular position (Multiple of pole pitch) 
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Appendix C 
Tables of Possible Constructions of Three-Phase PM-TFM with Segmented Stator  
 
Possibilities of segmented stator: Number of possibilities/q/phase span 
P 28 30 32 34 36 38 40 42 44 46 
 
1 
(4) 
20/3 , 2/3,L
pp ,2τ ,8τ L  
 
(5) 
,82, 0, L  
pp ,2τ ,10τ L  
(5) 
,26/3 2/3, L
pp 2τ ,10τ  
 
(6) 
,102, 0, L  
pp ,2τ ,12τ L  
(6) 
32/3 2/3,  
pp 2τ ,12τ  
 
(7) 
,122, 0, L  
pp ,2τ ,14τ L  
(7) 
,38/32/3,L
pp ,2τ,14τ L  
2 
(2) 
2 0,  
pp 2τ ,4τ  
 
(2) 
8/3 2/3,  
pp 2τ ,4τ  
(2) 
3 1,  
pp 2τ ,τ4  
 
(2) 
11/3 5/3,  
pp 2τ ,4τ  
(3) 
4 2, 0,  
ppp 2τ ,4τ ,6τ  
 
(3) 
11/3 5/3,  
pp 2τ ,4τ  
(3) 
5 3, , 1  
ppp 2τ , 4τ ,6τ
 
3 
(1) 
4/9  
p2τ  
(1) 
2/3  
p2τ  
(1) 
8/9  
p2τ  
(1) 
10/9  
p2τ  
 
(1) 
14/9  
p2τ  
(1) 
16/9  
p2τ  
(2) 
2 0,  
pp 2τ ,τ4  
(2) 
20/9 2/9,  
pp 2τ ,4τ  
(2) 
22/9 4/9,  
pp 2τ ,4τ  
4 
(1) 
1/3-  
p2τ  
(1) 
-1/6 
2τp 
(1) 
0  
p2τ  
(1) 
1/6  
p2τ  
 
(1) 
1/2  
p2τ  
(1) 
2/3  
p2τ  
(1) 
5/6  
p2τ  
(1) 
1  
p2τ  
(1) 
7/6  
p2τ  
5 
(1) 
4/5-  
p2τ  
 
(1) 
-8/15 
2τp 
(1) 
-2/5 
2τp 
(1) 
-4/15 
2τp 
(1) 
-2/15 
2τp 
(1) 
0  
p2τ  
(1) 
2/15  
p2τ  
(1) 
4/15  
p2τ  
(1) 
2/5  
p2τ  
6  
(1) 
1-  
p2τ  
(1) 
8/9-  
p2τ  
(1) 
7/9-  
p2τ  
 
(1) 
-5/9 
2τp 
(1) 
-4/9 
2τp 
(1) 
-1/3 
2τp 
(1) 
-2/9 
2τp 
(1) 
-1/9 
2τp 
7     
(1) 
20/21-  
p2τ  
(1) 
6/7-  
p2τ  
(1) 
16/21-  
p2τ  
 
(1) 
-4/7 
2τp 
(1) 
-10/21 
2τp 
8  
 
      
(1) 
5/6-  
p2τ  
(1) 
3/4-  
p2τ  
N
u
m
b
e
r
 
o
f
 
s
e
c
t
o
r
s
 
p
e
r
 
p
h
a
s
e
 
δ3φ 
(Electrical 
degrees) 
120° 240° 60° 300° Other (+δ3φ) 
<120°  
(q negative) 
Overlap 
(q negative)  
(-δ3φ) 
Impossible 
(No phase shift) 
 * Θ3φ    is expressed in terms of pole pitches 
Nq 
q 
Θ3φ 
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Possibilities of segmented stator: Number of possibilities/q/phase span 
P 48 50 52 54 56 58 60 62 64 66 
 
1  
(8) 
0, 2,⋅⋅⋅,14 
16τp, ⋅⋅⋅,2τp 
(8) 
2/3, ⋅⋅⋅,44/3 
16τp ⋅⋅⋅,2τp 
 
(9) 
0, 2,⋅⋅⋅,16 
18τp, ⋅⋅⋅,2τp 
(9) 
2/3, ⋅⋅⋅,50/3 
18τp ⋅⋅⋅,2τp 
 
(10) 
0, 2,⋅⋅⋅,18 
20τp, ⋅⋅⋅,2τp 
(10) 
2/3, ⋅⋅⋅,56/3 
20τp ⋅⋅⋅,2τp 
 
2  
(3) 
5/3,⋅⋅⋅,17/3 
6τp, 4τp, 2τp 
(4) 
0, 2,4,6 
8τp, 6τp, 4τp, 
2τp 
 
(7) 
2/3, ⋅⋅⋅,38/3 
14τp ⋅⋅⋅,2τp 
(4) 
1, 3,⋅⋅⋅,7 
8τp, ⋅⋅⋅,2τp 
 
(4) 
5/3, ⋅⋅⋅,23/3 
8τp, 6τp, 4τp, 
2τp 
(5) 
0, 2,⋅⋅⋅,8 
10τp, ⋅⋅⋅,2τp 
 
3 
(2) 
2/3, 8/3 
4τp, 2τp 
(2) 
8/9, 26/9 
4τp, 2τp 
(2) 
10/9, 28/9 
4τp, 2τp 
 
(2) 
14/9, 32/9 
4τp, 2τp 
(2) 
16/9, 34/9 
4τp, 2τp 
(3) 
0, 2, 4 
6τp, 4τp, 2τp 
(3) 
2/9, ⋅⋅⋅,38/9 
6τp, 4τp, 2τp 
(3) 
4/9, ⋅⋅⋅,40/9 
6τp, 4τp, 2τp 
(3) 
2/3, 8/3, 14/3 
6τp, 4τp, 2τp 
4  
(1) 
3/2 
2τp 
(1) 
5/3 
2τp 
(1) 
11/6 
2τp 
(2) 
0, 2 
4τp, 2τp 
(2) 
1/6, 13/6 
4τp, 2τp 
 
(2) 
3/2, 5/2 
4τp, 2τp 
(2) 
2/3, 8/3 
4τp, 2τp 
(2) 
5/6, 17/6 
4τp, 2τp 
5 
(1) 
8/15 
2τp 
(1) 
2/3 
2τp 
(1) 
4/5 
2τp 
(1) 
14/15 
2τp 
(1) 
16/15 
2τp 
(1) 
6/5 
2τp 
 
(1) 
22/15 
2τp 
(1) 
8/5 
2τp 
(1) 
26/15 
2τp 
6 
(1) 
0 
2τp 
(1) 
1/9 
2τp 
(1) 
2/9 
2τp 
 
(1) 
4/9 
2τp 
(1) 
5/9 
2τp 
(1) 
6/9 
2τp 
(1) 
7/9 
2τp 
(1) 
8/9 
2τp 
(1) 
1 
2τp 
7 
(1) 
-8/21 
2τp 
(1) 
-2/7 
2τp 
(1) 
-4/21 
2τp 
(1) 
-2/21 
2τp 
(1) 
0 
2τp 
(1) 
2/21 
2τp 
(1) 
4/21 
2τp 
(1) 
2/7 
2τp 
(1) 
8/21 
2τp 
(1) 
10/21 
2τp 
8  
(1) 
-7/12 
2τp 
(1) 
-1/2 
2τp 
(1) 
-5/12 
2τp 
(1) 
-8/24 
2τp 
(1) 
-1/4 
2τp 
(1) 
-1/6 
2τp 
(1) 
-1/12 
2τp 
(1) 
0 
2τp 
(1) 
1/12 
2τp 
9 
(1) 
-8/9 
2τp 
(1) 
-22/27 
2τp 
(1) 
-20/27 
2τp 
 
(1) 
-16/27 
2τp 
(1) 
-14/27 
2τp 
(1) 
-4/9 
2τp 
(1) 
-10/27 
2τp 
(1) 
-8/27 
2τp 
(1) 
-2/9 
2τp 
10    
(1) 
-13/15 
2τp 
(1) 
-4/5 
2τp 
(1) 
-11/15 
2τp 
 
(1) 
-3/5 
2τp 
(1) 
-8/15 
2τp 
(1) 
-7/15 
2τp 
11       
(1) 
-28/33 
2τp 
(1) 
-26/33 
2τp 
(1) 
-8/11 
2τp 
 
12          
(1) 
-5/6 
2τp 
δ3φ 
(Electrical 
degrees) 
120° 240° 60° 300° Other (+δ3φ) 
<120°  
(q negative) 
Overlap 
(q negative)  
(-δ3φ) 
Impossible 
(No phase shift) 
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Possibilities of segmented stator: Number of possibilities/q/phase span 
P 68 70 72 74 76 78 80 82 84 86 
 
1 
(11) 
0, 2,⋅⋅⋅,20 
22τp, ⋅⋅⋅,2τp 
(11) 
2/3, ⋅⋅⋅,62/3 
22τp, ⋅⋅⋅,2τp 
 
(12) 
0, 2,⋅⋅⋅,22 
24τp, ⋅⋅⋅,2τp 
(12) 
2/3, ⋅⋅⋅,68/3 
22τp, ⋅⋅⋅,2τp 
 
(13) 
0, 2,⋅⋅⋅,24 
26τp, ⋅⋅⋅,2τp 
(13) 
2/3, ⋅⋅⋅,74/3 
26τp, ⋅⋅⋅,2τp 
 
(14) 
0, 2,⋅⋅⋅,26 
28τp, ⋅⋅⋅,2τp 
2 
(5) 
2/3,⋅⋅⋅ ,26/3 
10τp, ⋅⋅⋅,2τp 
(5) 
1, 3,⋅⋅⋅,9 
10τp, ⋅⋅⋅,2τp 
 
(5) 
5/3,⋅⋅⋅,29/3 
10τp, ⋅⋅⋅,2τp 
(6) 
0, 2,⋅⋅⋅,10 
12τp, ⋅⋅⋅,2τp 
 
(6) 
2/3, ⋅⋅⋅,32/3 
12τp, ⋅⋅⋅,2τp 
(6) 
1, 3,⋅⋅⋅,11 
12τp, ⋅⋅⋅,2τp 
 
(6) 
5/3, ⋅⋅⋅,35/3 
12τp, ⋅⋅⋅,2τp 
3 
(3) 
8/9, ⋅⋅⋅,44/9 
10τp, ⋅⋅⋅,2τp 
(3) 
10/9, ⋅⋅⋅, 46/9 
6τp, 4τp, 2τp 
 
(3) 
14/9, ⋅⋅⋅,50/9 
6τp, 4τp, 2τp 
(3) 
16/9,⋅⋅⋅,52/9 
6τp, 4τp, 2τp 
(4) 
0, 2,4,6 
8τp,⋅⋅⋅ , 2τp 
(4) 
2/9, ⋅⋅⋅, 56/9 
8τp, ⋅⋅⋅, 2τp 
(4) 
4/9, ⋅⋅⋅, 58/9 
8τp, ⋅⋅⋅, 2τp 
(4) 
2/3, ⋅⋅⋅, 20/3 
8τp, ⋅⋅⋅, 2τp 
(4) 
8/9, ⋅⋅⋅, 62/9 
8τp, ⋅⋅⋅,2τp 
4 
(2) 
1 , 3 
4τp, 2τp 
(2) 
7/6 , 19/6 
4τp, 2τp 
 
(2) 
3/2 , 7/2 
4τp, 2τp 
(2) 
8/3 , 11/3 
4τp, 2τp 
(2) 
11/6 , 23/6 
4τp, 2τp 
(3) 
0, 2,4 
6τp, 4τp, 2τp 
(3) 
1/6, ⋅⋅⋅, 25/6 
6τp, 4τp, 2τp 
 
(3) 
1/2, 5/2, 9/2 
6τp, 4τp, 2τp 
5 
(1) 
28/15 
2τp 
(2) 
0 , 2 
4τp, 2τp 
(2) 
2/15 , 32/15 
4τp, 2τp 
(1) 
34/15 
2τp 
(2) 
2/5 , 12/5 
4τp, 2τp 
(2) 
8/15 , 38/15 
4τp, 2τp 
(2) 
2/3 , 8/3 
4τp, 2τp 
(2) 
4/5 , 14/5 
4τp, 2τp 
(2) 
14/15 , 44/15 
4τp, 2τp 
(2) 
16/15 , 46/15 
4τp, 2τp 
6 
(1) 
10/9 
2τp 
(1) 
12/9 
2τp 
 
(1) 
13/9 
2τp 
(1) 
14/9 
2τp 
(1) 
5/3 
2τp 
(1) 
16/9 
2τp 
(1) 
17/9 
2τp 
(2) 
0 , 2 
4τp, 2τp 
(2) 
1/9 , 19/9 
4τp, 2τp 
7 
(1) 
4/7 
2τp 
(1) 
2/3 
2τp 
(1) 
16/21 
2τp 
(1) 
6/7 
2τp 
(1) 
20/21 
2τp 
(1) 
22/21 
2τp 
(1) 
8/7 
2τp 
(1) 
26/21 
2τp 
 
(1) 
10/7 
2τp 
8 
(1) 
1/6 
2τp 
(1) 
1/4 
2τp 
 
(1) 
5/12 
2τp 
(1) 
1/2 
2τp 
(1) 
7/12 
2τp 
(1) 
2/3 
2τp 
(1) 
3/4 
2τp 
(1) 
5/6 
2τp 
(1) 
11/12 
2τp 
9 
(1) 
-4/27 
2τp 
(1) 
-2/27 
2τp 
(1) 
0 
2τp 
(1) 
2/27 
2τp 
(1) 
4/27 
2τp 
(1) 
2/9 
2τp 
(1) 
8/27 
2τp 
(1) 
10/27 
2τp 
(1) 
4/9 
2τp 
(1) 
14/27 
2τp 
10 
(1) 
-2/5 
2τp 
(1) 
-1/3 
2τp 
(1) 
-4/15 
2τp 
(1) 
-1/5 
2τp 
(1) 
-2/15 
2τp 
(1) 
-1/15 
2τp 
(1) 
0 
2τp 
(1) 
1/15 
2τp 
(1) 
2/15 
2τp 
(1) 
1/5 
2τp 
11 (1) 
-20/33(2τp) 
(1) 
-18/33(2τp) 
(1) 
-16/33(2τp) 
(1) 
-14/33(2τp) 
(1) 
-12/33(2τp) 
(1) 
-10/33(2τp) 
(1) 
-8/33(2τp) 
(1) 
-6/33(2τp) 
(1) 
-4/33(2τp) 
(1) 
-2/33(2τp) 
12 (1) 
-7/9(2τp) 
(1) 
-13/18(2τp)  
(1) 
-11/18(2τp) 
(1) 
-5/9(2τp) 
(1) 
-1/2(2τp) 
(1) 
-4/9(2τp) 
(1) 
-7/18(2τp) 
(1) 
-1/3(2τp) 
(1) 
-5/18(2τp) 
13   (1) 
-32/39(2τp) 
(1) 
-10/13(2τp) 
(1) 
-28/39(2τp)  
(1) 
-8/13(2τp) 
(1) 
-22/39(2τp) 
(1) 
-20/39(2τp) 
(1) 
-18/39(2τp) 
14      (1) 
-17/21 (2τp) 
(1) 
-16/21(2τp) 
(1) 
-15/21(2τp)  
(1) 
-13/21(2τp) 
15         (1) 
-8/10 (2τp) 
(1) 
-34/45(2τp) 
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δ3φ 
(Electrical 
degrees) 
120° 240° 60° 300° Other (+δ3φ) 
<120°  
(q negative) 
Overlap 
(q negative)  
(-δ3φ) 
Impossible 
(No phase shift) 
 
Nq 
q 
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 Possibilities of segmented stator: Number of possibilities/q/phase span 
P 88 90 92 94 96 98 100 102 104 106 
 
1 
(14) 
2/3,⋅⋅⋅,80/3 
28τp,⋅⋅⋅,2τp 
 
(15) 
0,2,⋅⋅⋅,28 
30τp,⋅⋅⋅,2τp 
(15) 
2/3,⋅⋅⋅,86/3 
30τp,⋅⋅⋅,2τp 
 
(16) 
0,2,⋅⋅⋅,30 
32τp,⋅⋅⋅,2τp 
(16) 
2/3,⋅⋅⋅,92/3 
32τp,⋅⋅⋅,2τp 
 
(17) 
0,2,⋅⋅⋅,32 
34τp,⋅⋅⋅,2τp 
(16) 
2/3,⋅⋅⋅,98/3 
34τp,⋅⋅⋅,2τp 
2 
(7) 
0,2,⋅⋅⋅,12 
14τp,⋅⋅⋅,2τp 
 
(7) 
2/3,⋅⋅⋅,28/3 
14τp,⋅⋅⋅,2τp 
(7) 
1,3,⋅⋅⋅,13 
14τp,⋅⋅⋅,2τp 
 
(7) 
5/3,⋅⋅⋅,41/3 
14τp,⋅⋅⋅,2τp 
(8) 
0,2,⋅⋅⋅,14 
16τp,⋅⋅⋅,2τp 
 
(8) 
2/3,⋅⋅⋅,44/3 
16τp,⋅⋅⋅,2τp 
(8) 
1,3,⋅⋅⋅,15 
16τp,⋅⋅⋅,2τp 
3 
(4) 
10/9,⋅⋅⋅,64/9 
8τp,⋅⋅⋅,2τp 
 
(4) 
14/9,⋅⋅⋅,68/9 
8τp,⋅⋅⋅,2τp 
(4) 
16/9,⋅⋅⋅,70/9 
8τp,⋅⋅⋅,2τp 
(5) 
0,2,⋅⋅⋅,8 
10τp,⋅⋅⋅,2τp 
(5) 
2/9,⋅⋅⋅,74/9 
10τp,⋅⋅⋅,2τp 
(5) 
4/9,⋅⋅⋅,76/9 
10τp,⋅⋅⋅,2τp 
(5) 
2/3,⋅⋅⋅,26/3 
10τp,⋅⋅⋅,2τp 
(5) 
8/9,⋅⋅⋅,80/9 
10τp,⋅⋅⋅,2τp 
(5) 
10/9,⋅⋅⋅,82/9 
10τp,⋅⋅⋅,2τp 
4 
(3) 
2/3,8/3,14/3 
6τp,4τp,2τp 
(3) 
5/6,17/6,29/6 
6τp,4τp,2τp 
(3) 
1,3,5 
6τp,4τp,2τp 
(3) 
7/6,19/6,31/6 
6τp,4τp,2τp 
 
(3) 
3/2, ⋅⋅⋅,11/2 
6τp,4τp,2τp 
(3) 
5/3, ⋅⋅⋅,17/3 
6τp,4τp,2τp 
(3) 
11/6, ⋅⋅⋅,35/6 
6τp,4τp,2τp 
(4) 
0,2, 4,6,8 
8τp,6τp,4τp,2τp 
(4) 
1/6, ⋅⋅⋅,37/6 
8τp,6τp,4τp,2τp 
5 
(2) 
6/5, 16/5 
4τp,2τp 
 
(2) 
22/15, 52/15 
4τp,2τp 
(2) 
8/5, 18/5 
4τp,2τp 
(2) 
26/15, 56/15 
4τp,2τp 
(2) 
28/15, 58/15 
4τp,2τp 
(3) 
0,2,4 
6τp,4τp,2τp 
(3) 
2/15, 32/15,62/15 
6τp,4τp,2τp 
(3) 
4/15, ⋅⋅⋅,64/15 
6τp,4τp,2τp 
(3) 
2/5, ⋅⋅⋅,22/5 
6τp,4τp,2τp 
6 
(2) 
2/9, 20/9 
4τp,2τp 
 
(2) 
4/9, 22/9 
4τp,2τp 
(2) 
5/9, 23/9 
4τp,2τp 
(2) 
2/3, 8/3 
4τp,2τp 
(2) 
7/9, 25/9 
4τp,2τp 
(2) 
8/9, 26/9 
4τp,2τp 
(2) 
1, 3 
4τp,2τp 
(2) 
10/9, 28/9 
4τp,2τp 
(2) 
11/9, 29/9 
4τp,2τp 
7 
(1) 
32/21 
2τp 
(1) 
34/21 
2τp 
(1) 
12/7 
2τp 
(1) 
38/21 
2τp 
(1) 
40/21 
2τp 
(2) 
0, 2 
4τp,2τp 
(2) 
2/21, 44/21 
4τp,2τp 
(2) 
4/21, 46/21 
4τp,2τp 
(2) 
2/7, 16/7 
4τp,2τp 
(2) 
8/21, 50/21 
4τp,2τp 
8 (1) 1(2τp) 
(1) 
13/12(2τp) 
(1) 
7/6(2τp) 
(1) 
15/12(2τp)  
(1) 
17/12(2τp) 
(1) 
3/2(2τp) 
(1) 
19/12(2τp) 
(1) 
5/3(2τp) 
(1) 
7/4(2τp) 
9 (1) 16/27(2τp) 
(1) 
2/3(2τp) 
(1) 
20/27(2τp) 
(1) 
22/27(2τp) 
(1) 
8/9(2τp) 
(1) 
26/27(2τp) 
(1) 
28/27(2τp) 
(1) 
10/9(2τp) 
(1) 
32/27(2τp) 
(1) 
34/27(2τp) 
10 (1) 4/15(2τp)  
(1) 
2/5(2τp) 
(1) 
7/15(2τp) 
(1) 
8/15(2τp) 
(1) 
3/5(2τp) 
(1) 
2/3(2τp) 
(1) 
11/15(2τp) 
(1) 
4/5(2τp) 
(1) 
13/15(2τp) 
11 (1) 0(2τp) 
(1) 
2/33(2τp) 
(1) 
4/33(2τp) 
(1) 
6/33(2τp) 
(1) 
8/33(2τp) 
(1) 
10/33(2τp) 
(1) 
12/33(2τp) 
(1) 
14/33(2τp) 
(1) 
16/33(2τp) 
(1) 
18/33(2τp) 
12 (1) 
-2/9(2τp) 
(1) 
-1/6(2τp) 
(1) 
-1/9(2τp) 
(1) 
-1/18(2τp) 
(1) 
0(2τp) 
(1) 
1/18(2τp) 
(1) 
1/9(2τp) 
(1) 
1/6(2τp) 
(1) 
2/9(2τp) 
(1) 
5/18(2τp) 
13 (1) 
-16/39(2τp) 
(1) 
-14/39(2τp) 
(1) 
-12/392τp 
(1) 
-10/39(2τp) 
(1) 
-8/39(2τp) 
(1) 
-2/13(2τp) 
(1) 
-4/39(2τp) 
(1) 
-2/39(2τp) 
(1) 
0(2τp) 
(1) 
2/39(2τp) 
14 (1) 
-12/21(2τp) 
(1) 
-11/21(2τp) 
(1) 
-10/21(2τp) 
(1) 
-3/7(2τp) 
(1) 
-8/21(2τp) 
(1) 
-1/3(2τp) 
(1) 
-2/7(2τp) 
(1) 
-5/21(2τp) 
(1) 
-4/21(2τp) 
(1) 
-3/21(2τp) 
15 (1) 
-32/45(2τp)  
(1) 
-28/21(2τp) 
(1) 
-26/45(2τp) 
(1) 
-24/45(2τp) 
(1) 
-22/45(2τp) 
(1) 
-4/9(2τp) 
(1) 
-2/5(2τp) 
(1) 
-16/45(2τp) 
(1) 
-14/45(2τp) 
16  (1) 
-19/24(2τp) 
(1) 
-3/4(2τp) 
(1) 
-17/24(2τp)  
(1) 
-5/8(2τp) 
(1) 
-7/12(2τp) 
(1) 
-13/24(2τp) 
(1) 
-1/2(2τp) 
(1) 
-11/24(2τp) 
17     (1) 
-40/51(2τp) 
(1) 
-38/51(2τp) 
(1) 
-12/17(2τp)  
(1) 
-32/51(2τp) 
(1) 
-30/51(2τp) 
18        (1) 
-7/9(2τp) 
(1) 
-40/54(2τp) 
(1) 
-38/54 (2τp) 
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δ3φ 
(Electrical 
degrees) 
120° 240° 60° 300° Other (+δ3φ) 
<120°  
(q negative) 
Overlap 
(q negative)  
(-δ3φ) 
Impossible 
(No phase shift) 
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Appendix D 
Numeric Designs 
D.1.Numeric Design of SPM-TFMs with/without Segmented Stator  
In order to estimate the parameters of SPM-TFMs, the following procedure [G6] has been 
used with the aid of Appendix A for modelling the PM. The procedure covers the SPM-TFMs 
with U- and UI-cores that have been studied via finite element method (FEM) in Chapter 2; 
and as well the SPM-TFM with segmented stator that is shown in Section 3.2.4. 
1) Calculate the air gap flux density at no-load, Bg as done in Appendix A.1: based on 
magnetic equivalent at aligned position, no-load and with the assumption that Ag= Ap. 
sat
PM
g
rrec
r
g
k
h
l
BB
µ+
=
1
 
(D1.1) 















⋅
+
⋅
+
→
⋅
+
=
stator segemented with TFM-SPM
cores- with UITFM-SPM
cores- with UTFM-SPM
ο
ο
ο
µ
µ
µ
gPM
corecore
gPM
corecore
gPM
corecore
sat
lB
lH
1
lB4
lH
1
lB2
lH
1
k  (D1.2) 
Evaluating (D1.1) requires the following values to be known: 
hPM : Height of PM (radial direction), lg : Length of air gap (radial direction), Br : Residual 
flux density of PM (Tesla). µrrec : Relative recoil magnetic permeability of PM (Tesla) and 
Ksat : Saturation factor is expressed based on the equivalent magnetic circuit at the aligned 
position. For unsaturated magnetic circuit, Ksat = 1. Bg will be less than Br in SPM-TFM, 
usually Bg = 1-1.1 Tesla, when   Br = 1.25 Tesla. By considering the following two cases for a 
SPM-TFM; the effect of saturation expressed by Ksat will be clear. 
without saturation  →  
( )
TeslaBK mgsat  0264.1
1
4
8.01.11
25.1
     1 =
+
=→=  
with saturation  →  
( )
TeslaBK mgsat  006.1
1.1
4
8.01.11
25.1
     1.1 =
+
=→=  
2) Stating the working current density, J (A/mm2) and fill factor, Kfill to calculate slot 
dimensions, hss⋅wss. 
( )
cp
a
AN
I
mmAJ
⋅
=
2/  (D1.3) 
ssss
spc
fill
wh
NNA
K
⋅
⋅⋅
=  (D1.4) 
where, Ns , Np are numbers of series and parallel turns, Ac is area of one conductor and Ia is 
RMS phase current. By solving (D1.3) and (D1.4); the cross sectional area of the slot can be 
calculated. 
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fill
as
ssss KJ
IN
wh
⋅
⋅
=⋅  (D1.5) 
For J = 4A/mm2 and Kfill = 0.6 for ring coils, the slot dimensions are ( ) ( )
( ) ( )
2
 2525
6.04
2270
mmwh ssss ×≈
⋅
⋅
=⋅ . 
3) Calculation of mutual armature reaction inductance at aligned position, Lad : Consider Rpole 
as the reluctance of one complete magnetic path at aligned position per pole pair. 
stator segmented with 
stator segmentedwithout  
2
2
→
→
=
pp
s
s
pp
s
ad
R
NQ
R
Np
L  (D1.6) 
Qs  is the number of repeated 2τp per phase. Lad  has usually values that lies between 1.1-1.2 
mH for constructions without segmented stator.  ( ) SMMgPMspole RRRcR ++=  (D1.7) 
where RSMM is the reluctance of soft magnetic material parts and cs is an integer number of 
repeated reluctance in one magnetic path at aligned position, e.g. suppose in one path there 
exist 4 PM and 4 air gaps, then cs = 4; which represents SPM-TFM with UI-cores. 



→
→
→
=
stator segemented TFM with-SPM1
cores- UITFM with-SPM4
cores- UTFM with-SPM2
sc  (D1.8) 
p
g
g A
l
R
οµ
=  (D1.9) 
prrec
PM
PM A
hR
µµο
=  (D1.10) 
The finging effect in (D1.7) and (D1.8) are neglected, therefore pA   has the same value for the 
air gap and pole areas. 
4) Calculation of tangential force density (shear stress), fsh (N/m2); 
ABf gPMsh ⋅⋅= α  (D1.11) 
where, A is line current density (A/m) and αPM is the PM coverage coefficient and they are 
given by (D1.12) and (D1.13).    
pτ2
sa NIA ⋅=  (D1.12) 
PMPM
p
PM lw
A
⋅
=α  (D1.13) 
5) Calculation of pole to pole pitch ratio, αi via (D1.14), where ωs is stator pole width in 
tangential direction. 
pτ
s
i
w
=α  (D1.14) 
6) Calculation of form factor of excitation field, Kf : The fundamental flux density is Bg1. 


 ⋅
==
2
sin41 i
g
g
f B
B
K αpi
pi
 (D1.15) 
7) Peak value of fundamental harmonic of air gap flux density, Bg1: 
gfg BKB ⋅=1  (D.1.16) 
8) Calculation of no-load RMS voltage at rated speed, Ef : 
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gfppsf BKlpNfE ⋅⋅⋅⋅⋅⋅= τ 22  (D1.17) 
Ef  can be expressed by (D1.18) too, where ωm is rotor speed in radians per second. 
mmsf pNE ω⋅Φ⋅⋅=
2
 
2
2
 
(D1.18) 
mmsm pNE ω⋅Φ⋅⋅=
2
  (D1.19) 
where; Em is the maximum value of the no-load induced voltage, respectively. 
9) Back EMF constant, KE: (Ef  = KE·nm), where nm is speed in revolution per minute (rpm). 
m
f
E
n
E
K =  (D1.20) 
10) Electromagnetic power at Iad = 0, Pelm : 
aaelm iemP ⋅⋅=  (D1.21) 
where; m is number of phases, ea and ia are the instantaneous no-load voltage and armature 
current, respectively. 
armselm IEmP ⋅⋅=  (D1.22) 
mmieelm IEKKmP ⋅⋅⋅⋅=  (D1.23) 
where, Ke , Ki are form factors and Ke⋅Ki equals 0.5 for sinusoidal waveforms of ea  and ia. By 
substituting the value of Em from (D1.19) into (D1.23), Pelm can be expressed by (D1.24). In 
case of SPM-TFM with segmented stator, Ia will have an amplitude modulated waveform. 
Therefore, the RMS value of ia(t) should be calculated either via root mean square of the 
measured current waveform or by using the modulation index method illustrated in Section 
5.7 for FCPM-TFM with segmented stator. 
mmmsieelm IpNKKmP ⋅⋅Φ⋅⋅⋅⋅⋅= ω
2
 (D1.24) 
11) Electromagnetic torque at Iad = 0, Telm : 
m
elm
elm
P
T
ω
=  (D1.25) 
The value of Telm in (D1.25) is the same as that obtained via FEM in magneto-static domain. 
12) Torque constant KT :  (Td = KT·Ia)  at Iad  = 0 then Ia  = Iaq and cosψ =1. The angle between 
resultant MMF-Fa and its q-axis component is given by ψ and KE is found in (D1.20).    
ψ
pi
cos
2
60KKKmK EieT ⋅


⋅⋅⋅⋅=  (D1.26) 
13) Equivalent air gap length, g′ (with neglecting saturation): 
with the assumption: Ag = Ap  and  ∑i HFei ⋅ lFei = 0  (i.e. no saturation)  at the aligned position. 
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rrec
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µµµµµ
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(D1.27) 
After simplification (D1.27) as given in (D1.28), g′ can be found for several constructions. 
po
total A
gR
µ
′
=  (D1.28) 
Therefore at the aligned position i.e. d-axis; 
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 (D1.29) 
To consider saturation:  
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µ
µ
µ
 (D1.30) 
where Ksatd = 1 for unsaturated magnetic circuit, otherwise, it can be expressed as done in 
(D1.2) for the aligned position. At the unaligned position, i.e. q-axis, Ksatq should be 
calculated for both constructions. 
14)  Calculation of d-axis armature EMF, Ead and d-axis armature current, Iad:  
g
BNI
o
ad
sad ′= µ
2  (D1.31) 
Equation (D1.31) can be expressed by (D1.32). 
g
K
BNI
fdo
ad
sad ′= µ
12  (D1.32) 
Therefore,  
fdso
ad
ad KN
BgI
⋅⋅
⋅′
=
µ2
1
 (D1.33) 
1 22 adppsad BlpNfE ⋅⋅⋅⋅⋅= τ  (D1.34) 
15) Armature reaction inductances, Lad, Laq (due to armature currents only): 
fdso
ad
adpps
ad
ad
adad
KN
Bg
BlpNf
I
ELfX
⋅⋅
⋅′
⋅⋅⋅⋅⋅
==⋅=
µ
τ
pi
2
22
2
1
1
 (D1.35) 
g
KlpNf
LfX fdppsadad
′
⋅⋅⋅⋅⋅⋅
=⋅=
τµ
pi ο
24
2  (D1.36) 
Similarly; 
fqso
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aqpps
aq
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aqaq
KN
Bg
BlpNf
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LfX
⋅⋅
⋅′
⋅⋅⋅⋅⋅
==⋅=
µ
τ
pi
2
22
2
1
1
 (D1.37) 
g
KlpNf
LfX fqppsaqaq
′
⋅⋅⋅⋅⋅⋅
=⋅=
τµ
pi ο
24
2  (D1.38) 
For most SPM-TFMs, Lad ≈ Laq and the leakage inductance, Ll is greater than Lad and Laq. Ll 
can be calculated with the knowledge of slot leakage and pole-top leakage permeances. 
lcsllll LLLL ++=  (D1.39) 
where Lll is the lateral leakage flux, Lsl is the slot leakage flux and Llc is the leakage flux from 
portion of coil not embraced by ferromagnetic core. 
16) Calculation of synchronous reactances, Xsd and Xsq: 
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adlsd LLL +=  (D1.40) 
aqlsq LLL +=  (D1.41) 
Therefore; 
sdsd LfX ⋅= pi2  (D1.42) 
sqsq LfX ⋅= pi2  (D1.43) 
17) Calculation of phase resistance, Ra including temperature and skin effects: 
dcaRa RkR −⋅= 1  (D1.44) 
cp1
ts
dca AN
lN
R
⋅⋅
⋅
=
− σ
 (D1.45) 
where k1R is the skin effect factor that causes increase in winding resistance, lt  is the average 
length of one turn including end turns and conductivity of copper wire at 75°C, οσ 75l . 
( ) mS /1047207500393.01
6201
751 ×≈
°−°+
=
°
οσ
σ  (D1.46) 
where; οσ 20l = 57 × 10
6  S/m. Skin effect factor, k1R can be calculated by (D1-47)-(D1-51), 
when all the currents in the conductors are equal [G3]. 
( ) 1
3
11 3
1 Ψ−+≈ slR
mK εϕ  (D1.47) 
οσµpiε 7511 ⋅⋅⋅= oc fh  (D1.48) 
( )
11
11
11 2cos2cosh
2sin2sinh
εε
εε
εεϕ
−
+
⋅=  (D1.49) 
( )
11
11
111
coscosh
sinsinh2
εε
εε
εε
+
−
⋅=Ψ  (D1.50) 
cp
ss
sl hN
h
m
⋅
−
=
003.0
 (D1.51) 
while hc is height of conductor and hss is height of slot and the factor 0.003 accounts for slot 
insulation. Note that msl that appears in (D1.47) and (D1.51) must be an even number [G6]. 
18) Calculation of phase input voltage, Va: ( with Ia = Iaq and ψ = 0°) 
( ) ( )22 sqaaafa XIRIEV ⋅+⋅+=  (D1.52) 
aLLa VV  3=−  (D1.53) 
19) Calculation of core losses, ∆PFe:  
i) Based on flux density in U-shaped (cross section is uniform):  assume BU ≈ Bmg.   
ii) Flux density for I-core is normally BI ≈ 1.1 Bmg) [G6]. From data sheet of Material: at 50Hz 
and at flux density BU → Find: ∆PFeU= #  Watt/kg  
    → Find: ∆PFe I= #  Watt/kg 
( )
3/4
IFeUFeFe 50
f
mIPmUPmP 


⋅⋅+⋅= ∆∆∆  (D1.54) 
where, mU and mI are masses of U-shaped and I-shaped cores, respectively. 
20) Calculation of stray i.e., high frequency losses in ferromagnetic materials, ∆Pstr: 
In practice, the stray losses of small and medium power machines are evaluated as a fraction 
of the output power. 



→
→
→
=
                                         arg005.0 003.0
000,100      edium01.0 005.0
           10      05.0 03.0
machinespowerel
kWtoupratedmachinespowerm
kWtoupratedmachinespowersmall
kstr
L
L
L
 (D1.55) 
elmstrFe PkP ⋅≈∆  (D1.56) 
Appendices     250 
 
Note: these losses are due to the higher winding space harmonics and slot harmonics. They 
exist in the surface layers of stator and rotor adjacent to air gap (i.e. surface losses) and in the 
volume of teeth (i.e. pulsating losses). 
21) Calculation of copper losses, ∆Pa: 
2
 3 aaa IRP ⋅=∆  (D1.57) 
22) Calculation of rotational or mechanical losses, ∆Prot: 
ventwindfrrot PPPP ∆+∆+∆=∆  (D1.58) 
where ∆Pfr : Friction losses in bearings, ∆Pwind : windage losses and ∆Pvent : ventilation losses. ( )310−⋅⋅⋅=∆ mrfbfr nGkP  (D1.59) 
where,  Kfb = 1 to 3, Gr = mass of rotor in kg and nm is speed in rpm. 
 ∆Pwind : windage losses of small machines without fan can be expressed as follows: 
i) Speed, nm ≤ 6000 rpm →   ∆Pwind  ≈ 2 32outD ⋅ Li ⋅ 3mn ⋅ (10-6)   Watt 
ii) Speed, nm > 15,000 rpm →    ( )63
2
5
2 1051 3.0 −⋅



+⋅≈∆ m
out
i
outwind nD
LDP   Watt 
where, outD2  : outer diameter of rotor in meters,  Li : effective length of rotor in meters, 
23) Calculation of output power, Pout: 
rotstrelmout PPPP ∆∆ −−=  (D1.60) 
24) Calculation output shaft torque, Tshaft: 
s
ph3out
shaft
P
T
ω
−
=  (D1.61) 
25) Calculation of input power, Pin: 
Feaelmin PPPP ∆+∆+=  (D1.62) 
φcosIV3P aain ⋅⋅=   (D1.63) 
26) Calculation of efficiency, η: 
( )100
P
P
%
in
ph3o
⋅=
−η  (D1.64) 
( )100
PP
P
%
lossesph3out
ph3out
⋅
+
=
−
−η  (D1.65) 
27) Calculation of power factor, cosφ (with Iad = 0 and ψ = 0°) from the phasor diagram in 
Fig. D1.1 [G6]. The power factor is calculated with neglecting the material losses.  
Note that FeaaaflFeaelmin PRIIEkPPPP ∆+⋅+⋅⋅=∆+∆+= 233  
( ) ( )
a
aaf
aa
a
a
aafaa
2
aafinFe V
RIE
VI3
V
V
RIEI3RI3IE3P0P
⋅+
⋅⋅=×⋅+=⋅+⋅≈→=∆ . 
a
aaf
V
RIE ⋅+
≈φcos  (D1.66) 
28) Calculation of power and torque density, 
t
ph3out
m
P
−
 and 
t
shaft
m
T
:  The total mass of TFM, tm  
can be calculated based on the mass density (Kg/m3). They should be found in data sheets of 
the materials. 
29) In case negative component of d-axis current, Iad = negative value 
ψsin⋅= aad II  (D1.67) 
ψcos⋅= aaq II  (D1.68) 
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Fig. D1.1: Phasor diagram of SPM-TFM  
 
 
     
                                  
Fig. D1.2: Flux densities and MEC in SPM-TFM with segmented stator  
 (at aligned and unaligned positions) 
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Therefore from the phase diagram Fig. D1.1: 
( ) ( )2aadsqaq2sdadfa RIXIXIEV ⋅−⋅+⋅+=  (D1.69) 
Load angle, 


 ⋅−⋅
=
−
a
aadsqaq1
V
RIXI
sinδ  (D1.70) 
Power factor, ( )ψδφ +=  coscos  (D1.71) ( )( )sqsdaqadfaqelm XXIIEImP −⋅⋅+⋅⋅=  (D1.72) 
( ) sqsdfaqelm XXEImP =⋅⋅=             ;  (D1.73) 
Note: with this injection of Iad = negative value, input voltage decreases, the P.F. will 
increase, however the shaft torque and efficiency will slightly decrease. 
Following the previous design procedure, a numerical design of SPM-TFM with segmented 
stator that is shown in Section 3.2.4 is proposed with the following performances. The flux 
densities at aligned and unaligned positions are shown in Fig. D1.2 with the magnetic 
equivalent circuit (MEC) at the aligned position. Graphical illustrations of the variations of 
the steady state characteristics are shown in Fig. D1.3 for a rotor speed of 200 rpm. 
 
Number of phases 3  
Number of PMs 26 Located around circumference 
Number of sectors/phase 1  
Number of 2τp/sector, Qs 3  
Frequency (Hz) 43.333 with 200 rpm 
Speed (rpm) 300 Maximum 
Armature current (A)    (RMS value) 17.39 Peak value (Ip) = 24.5867  A 
EMF constant (mVolt/rpm/turn) 0.159  
Back EMF (Volt) (RMS value)   0.86 Peak value (Vp) =  1.22Volt (200 rpm) 
Phase voltage (Volt) (RMS value) 6.1 200 rpm and 11A/mm2 
Power factor (Approximated method) 0.263 200 rpm and 11A/mm
2 
(Based on phasor diagram) 
Input power
 
(Watt) 106.02  
Electromagnetic torque (Nm) 2.15 From simulation (11A/mm2) 
Electromagnetic power (Watt) 44.85 From simulation (200 rpm and 11A/mm2) 
Shaft torque (Nm) 1.075 Assumed 50% losses 
Output power (Watt) 22.5  
Current density (A/mm2) 11  
Fill factor 0.3-0.42  
Resistance (Ω) 0.0428 Concentric saddle coils 
Armature d-axis inductance, Lad (mH) 0.0123 Calculated from MEC 
Leakage  inducatnce, L1 (mH) 1.2 Assumed to be ≈100×Lad,  L1 >> Lad 
Synchronous inductance, Ls (mH) 1.2  
Copper losses (Watt) 38.83 3Ra⋅Ia2 
Rotational and stray losses (Watt) 22.34 200 rpm and 11A/mm
2 
  
(assumed 50% of air gap power) 
Core losses (Watt) 22.34 (assumed 50% of air gap power) 
Efficiency (%) 21.2% Depends on orientation of laminations that is important to reduce eddy current losses.  
Power density (Watt/kg) 7.0  
Inertia (Kg.m2) 0.0021 Inertia for only rotor ring and PMs is 0.00036 
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Winding properties: 
 
Shape of winding Concentric saddle 
Total number of turns  216 
Diameter of one conductor (mm) 0.5 
Number of turns in series 27 
Number of turns in parallel 8 
 
 
Dimensions: 
 
Pole pitch (°) 13.85 
Pole pitch (mm) 10.0 
PM radial length (mm) 4.0 
PM Axial length (mm) 4×9.50 
PM tangential length (mm) 9.11 
Total axial length (mm) 40.0 
Total diameter (mm) 104.0 
Air gap length (mm) 0.88 
Air gap diameter (mm) 82.88 
Stator diameter (mm) 82.0 
Rotor ring depth (mm) 6.0 
Slot dimensions (mm×mm) 10.0×10.0 
Angular distance between phases (°) 8/3τp 
 
Material and density: 
 
Permanent magnet NdFeB 
PM (NdFeB), Br (Tesla) 1.25 
PM (NdFeB), µ r  1.1 
Stator lamination M270-50A 
Winding Copper 
 
Copper density (kg/m3) 8960 
Magnet density (kg/m3) 7062 
M27050 density (kg/m3) 7650 
Aluminium density (kg/m3) 2700 
 
Mass and volumes: 
 
Mass of machine (kg) 3.20 
Mass of one magnet along axial length (gram) 4×2.64 
Mass of rotor ring (gram) 327.4 
Mass of aluminium cover (gram) 564 
Mass stator (gram) 253.50 
Mass one winding (gram) 60.0 
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Fig. D1.3: Steady state charachteristics of SPM-TFM with segmented stator at 200 rpm
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Appendix D 
Numeric Designs 
D.2. Numeric Design of FCPM-TFM with/without Segmented Stator  
Calculating the parameters of FCPM-TFMs with U- and inclined I-cores, twisted cores [B18]- 
[B19] and adaptation the estimation method to the construction with segmented stator; have 
been done via the following design procedure. 
1) Calculate the air gap flux density at no-load, Bg: (based on magnetic equivalent circuit at 
aligned position with load condition): 




⋅⋅±
+
=
PM
PM
msr
M
PM
g
rrec
g h
INB
K
h
lB
µ
µ41
1
 (D2.1) 
where; hPM : height of PM (in circumferential direction), lg: length of air gap (radial 
direction), Br: residual flux density of PM (Tesla), µrrec: relative recoil magnetic permeability 
of PM (Tesla), KM : flux concentrating factor:  ratio of radial width of PM, wPM  to rotor pole 
width in tangential direction, wrp⋅ Therefore, 
rp
PM
M
w
w
K = , (KM  > 1) and µPM = µrPM⋅µo 
Note: without considering the current effect Bg in FCPM-TFM is same as in SPM-TFM with 
the replacement of Ksat by KM. The machine is running under the assumption that there is no 
saturation in (D2.1). 
TeslaBg  0555.04783.0104
1041.1)211(2725.1
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×+
=
−
−pi
 
This is evaluated for KM  = 1.666 and Ia = 11A corresponds to 7A/mm2.  
2) In order to calculate slot dimensions, the working current density, J (A/mm2) and fill factor  
Kfill should be in advance known. Therefore; for Ia as RMS value, the current density can be 
calculated by (D1.3)-(D1.5) in Appendix D.1.  Suppose J = 7A/mm2 and Kfill is 0.36 for 
concentric saddle coils, then 2ssss mm5.135.1336.07
1727
wh  ×≈
⋅
⋅
=⋅ , If 2ssss mm1010wh ×=⋅ , then 
424.0
1010
2161963.0K fill =
×
⋅
=  with diameter of one conductor is 0.5mm. 
Fill factor based on the available space for the end winding is given by (D2.2). 
JA
IN
K
sa
as
fill
⋅
⋅
=  
(D2.2) 
( )2i2o3sa RR4A −⋅= φ
δ
 
(D2.3) 
where; Asa is the area occupied by one end winding, δ3φ is the angle in radians available for 
two end windings, Ri and Ro are the outer and inner radii of the distance between the phases. 
Based on (D2.3), δ3φ = 2.666τp, therefore, ( ) 222sa mm5.813.203.304644.0A ≈−⋅=  
and 52.0
75.81
1127K fill =
×
×
= . Note that if the areas available for one end winding in radial 
direction and slot dimensions in axial direction are equal, then both Kfill will be having the 
same value. Otherwise, Kfill in radial direction will be better than its corresponding in axial 
direction and thus there will be an obvious difference between the available areas for the 
copper conductors in both directions. 
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3) Calculation of mutual armature reaction inductance at aligned position, Lad requires the 
knowledge of Rp where, Rp is the reluctance in one complete magnetic path at aligned position 
per pole pair. Lad can be simply calculated by using (D2.4). 
m
ms
slad I
NQKL Φ⋅⋅=  (D2.4) 
where, Qs is the number of stator poles pair per series magnetic circuit per phase, Φm is 
maximum value of flux that will link the turns of armature coil due to PMs, Im is the peak 
value of armature current and Kl is a leakage factor introduced to account for leakage flux. In 
case of ring coils, i.e. without segmentation of the stator, Qs in (D2.4) will be replaced by the 
pole pair number, p. 
p
ms
m R
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××=  
Referring to MEC in Chapter 3, the reluctance of the pole, Rp can be calculated as follows: 
)2()2(
)2(
)2()2(
)2(
2
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PMg
gPMg
gPMg
PMg
gPMg
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RR
RRR
RRR
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RRR
RRR
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×+
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×+
×= ,  
The factor ½ introduced in Rp accounts for two parallel magnetic paths working 
simultaneously. 
( )( ) H/110343.23104mm6mm5
mm88.0R 67g   ×=×
=
−pi
, 
( )( ) H/110875.571041.1mm10mm5
mm4R 67PM   ×=××
=
−pi
 
/H Rp 1100687.8
6×=  
By substituting (D2.5) into (D2.4): 
                 
m
p
ms
s
slad I
R
INN
QKL




⋅
⋅
⋅=  
(D2.7) 
After simplification of (D2.7), Lad will be the same as calculated in SPM-TFM with ring coils, 
i.e. without segmented stator, however, p is replaced by Qs. 
                   
p
s
slad R
NQKL
2
⋅=  (D2.8) 
mHLad 221.0101.8
27382.0 6
2
≈
×
××= . Note that both equations (D2.4) and (D2.8) give almost the 
same values. 
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4) Calculation of tangential force density (shear stress), fsh (N/m2): can be found as done in 
Appendix D.1 in (D1.11)-(D1.13). 
A = Ia×Ns/2τp = (11×27)/(2×10mm) = 14.85 A/mm 
αPM = Ap/(wPM⋅lPM) = 5mm×0.8τp/(4mm×(0.5×40)) = 0.5. 
2/ 3.55 85.145.0 mNBf gsh =××=  
5) Calculation of pole to pole pitch ratio, αi  via (D1.14). Normally;  αi = 0.8 in FCPM-TFM. 
6) Calculation of maxiumum value of back EMF, Em:  
s
PM
s Qdt
d
Ne ⋅⋅=
Φ
 
(D2.9) 
( )sec/radQp
d
dNe ms
e
PM
s ωθ
⋅⋅⋅
Φ
⋅=  
(D2.10) 
( ) ( )sec/2 radQpNE msmsm ω⋅⋅⋅Φ⋅=  (D2.11) 
where, Φm is peak flux due to PM can be found from FEM or by magnetic equivalent circuit 
(MEC). In the above two equations Qs will be replaced by p in case of ring coils. Equations 
The number of rotor poles per phase, QR equals number of PMs and Qs in conventional TFM 
with ring coils equals ½QR. However, Qs will not equal ½QR in TFM with segmented stator. 
The factor 2 is introduced in (D2.9)-(D2.11), because of flux in top and bottom of MEC link 
the winding. 
( ) V736.1
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7) Calculation of PM flux from MEC, ΦPM:  
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(D2.13) 
where, Rg, RPM and Θc  are already defined in Chapter 2 and 3. 
( ) Weber10Weber1082.0
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c
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ΘΦ  
WeberPMg
5108.72 −×≈Φ×=Φ  
where, Kl is a leakage factor = 0.82. The factor 2 accounts for air gap flux from two parallel 
magnetic circuits 2ΦPM. 
8) Back EMF constant, KE : (Ef  = KE·nm), which can be calculated from Appendix D.1 by 
(D1.20). 
rpm/mV138.610
200
2
736.1
10
200
60
2200313108722.7*27*
2
1
K 33
5
E =×=×
××××
=
−−
−
pi
 
9) Electromagnetic power for a TFM with m = 3 at Iad = 0, Pelm : found by (D1.24) by 
replacing p2 by the product p⋅Qs. 
mmmssieelm IQpNKKmP ⋅⋅Φ⋅⋅⋅⋅⋅⋅= ω  (D2.14) 
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( ) ( )   3.658 Watt7220
60
2200108722.7313275.03P 5elm ≈××××××××=
−
pi
 
10) Electromagnetic torque at Iad = 0, Telm : 
Telm can be calculated as given in Appendix A.1 in (D1.25). This value can be obtained by 
finite element method and can be expressed in an expanded form by (D2.15): 
mmssieelm IQpNKKmT ⋅Φ⋅⋅⋅⋅⋅⋅=  (D2.15) 
This equation is the same as found in SPM-TFM and in case of ring coils, 2p  will be replaced 
by p⋅Qs . 
Nm52.3220108722.7313275.03
200
60
2
658.73T 5elm  ≈××××××××=
×
=
−
pi
 
11) Torque constant KT :  (Td = KT·Ia)  at Iad  = 0 then Ia  = Iaq and cosψ =1, where the angle 
between resultant MMF-Fa and its q-axis component is given by ψ . KT can be found by 
(D1.26) too and KE is found in (D1.20).    
A/Nm176.0
A20
Nm52.3KT  ==  
12) Calculation of phase resistance, Ra including temperature and skin effects: 
Ra  can be found as done in Appendix D.1 via (D1.44)-(D1.51). The average length of one turn 
of the winding, lt  can be calculated by (D2.16). 
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( ) mSll /1047207500393.01 62075 ×≈−+= °°
ο
ο
σ
σ     with  σ1at 20°  = 57 × 106  S/m 
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( )( ) Ω=×××× ××= −
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3
20 CdcaR  
13) Calculation of RMS value of phase input voltage, Va: (with Ia = Iaq and ψ = 0°) 
The phase voltage Va can be found from Appendix D.1 by (D1.52)-(D1.53). By neglecting 
stator winding resistance drop and with armature current is sinusoidal and oriented on q-axis 
with Ia = Iq. 
( ) ( )22 sqafa XIEV ⋅+=  (D2.17) 
( ) ( )22 lfa VEV +=  (D2.18) 
dt
diLv sl =  (D2.19) 
( )tsinILv msl ωω ⋅⋅⋅−= , f2 ⋅= piω  (D2.20) 
( )f2ILV msml ⋅⋅⋅−= pi  (D2.21) 
By expressing the frequency, f, by rotor speed, in revolution per minute as in (D2.22). 


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 (D2.16) 
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By expressing (D2.23) in RMS format: 
asql IXV ⋅−=  (D2.24) 
By considering leakage flux, Ef can be re-written as shown in (D2.25) via introducing a 
leakage factor, Kl : 
flf EKE ⋅=  (D2.25) 
Therefore; Va can be expressed by the following equation: 
( ) ( )22 lfla VEKV +⋅=  (D2.26) 
Both phase voltages for SPM and FCPM-TFM are derived with the same principle. 
adlsq LLL +=  (D.2.27) 
By assuming adl LL  5≈  due to end winding leakage inductances and setting Kl = 0.82. 
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×= −− pi  
Volt26.10226.72VV am    ≈≈=  
14) Calculation of power factor, cosφ (with Iad = 0 and ψ = 0°) as given in (D1.66) with the 
assumption that 0∆PFe = . 
a
aafl
V
RIEK ⋅+⋅
≈φcos  (D2.28) 
The power factor can be calculated, while neglecting stator winding resistance drop as in 
(D2.29) [B18]. 
a
fl
V
EK ⋅
≈φcos  (D2.29) 
By using (D2.28): 3.0
26.7
0446.020
2
736.182.0
cos ≈
×+×
≈φ   (if the leakage inductance is 
considered high, i.e. adl LL  5≈ ). 
Fig. D2.1 illustrates the phasor diagram of a salient pole synchronous motor, which can be 
applied to FCPM-TFM for under excited and over excited motor. 
15) Calculation of core losses, ∆PFe:  
The maximum flux density in stator and rotor poles should be found from FEM and the 
specific power losses for stator and rotor at these flux densities, ∆PFeS and ∆PFeR can be 
figured out from Fig. D2.2. The masses of stator poles and rotor poles in one phase are given 
by ms and mr, respectively; which can be calculated based on mass densities (Kg/m3) of the 
materials. Density of Stw22 steel rotor poles = 7750 kg/m3, stator electric steel M27050A = 
7650 kg/m3 and aluminium = 2700 kgm3. 
( )
3/4
50 


⋅⋅∆+⋅∆=∆ fmRPmSPmP sFerFeFe  (D2.30) 
16) Calculation of eddy current losses, ∆PEddy: 
Losses due to eddy currents are taken place in stator PS, in rotor PR and PMs, PPM. They are 
proportional to square of operating frequency. 
∆PEddy=PS+PR+PPM  (D2.31) 
17) Calculation of copper losses, ∆Pa: as given in Appendix D.1 in (D1.57). 
( ) ( ) WattP Ca 2.16110.0446 3 220 ≈⋅=∆ °  
( ) ( ) WattP Ca 64.19110.0541 3 275 ≈⋅=∆ °  
18) Calculation of rotational or mechanical losses, ∆Prot : It can be calculated as given in 
Appendix D.1 in (D1.58). In FCPM-TFM, these mechanical losses and additionally eddy 
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current losses can reach 50% of the rated output power based on the lamination orientation. 
The specific iron losses of electric steel M270-50A for different frequencies are shown in Fig. 
D2.2 
19) Calculation of total losses, ∆Ploss: 
rotEddyFealosses PPPPP ∆∆∆∆ +++=  (D2.32) 
20) Calculation of output power, Pout: as given in Appendix D.1 in (D1.60). 
Watt46.29P%40PP elmrotstr ==+ ∆∆    
21) Calculation of cogging torque, coggingΓ : 
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( ) gpspg l8.0lV ⋅⋅= τ  (D2.34) 
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∆θ = change from aligned to unaligned position = 
P2
1
p
pi
τ =  (D2.36) 
where, P is total number of PMs. 
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( ) ( ) ( )( ) TeslaBg  4962.0065.175.01065.175.0065.1 22222 =−=×−=∆  
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From top and bottom poles:  NmTT
polecogcog
1.02 ≈×=  
Cogging torque on stator poles, where PM flux enters the air gap is considered.  
This torque corresponds to the force that the rotor experience at no load as it moves from 
aligned to unaligned position as shown in Chapter 2 in Fig. 2.31. 
22) Calculation output shaft torque, Tshaft: as given in Appendix D.1 in (D1.61). 
Nm1.2
60
2200
Watt40Tshaft  =


= pi  
23) Calculation of input power, Pin: as given in Appendix D.1 in (D1.62)-(D1.63). 
 Watt0.327 65.130026.3Pin ≈×××=  (this considers air gap power + copper losses). 
24) Calculation of efficiency,η: as given in Appendix D.1 in (D1.64)-(D1.65). 
( ) %82.33100
65.130
Watt19.44% ≈×=η  (This is calculated without considering material losses) 
By considering the material and eddy current losses, FeP∆  
( ) Watt45.3Watt52.53658.73Watt65.130∆PFe ≈+−=  
 
25) Calculation of total mass of TFM, mt : 
The total mass of the machine, mt  can be calculated based on the mass density (Kg/m3), which 
can be found in the data sheets of the materials. 
Radius (from outside) of rotor poles (mm) = ROrp = 51.4284 
Radius (from inside) of rotor poles (mm) = RIrp = 41.38 
Radius (from outside) of aluminium disc (mm) =  ROAl = 72 
Radius (from inside) of aluminium disc (mm) =  RIAl = 41.38 
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Radius of holes in aluminium disc (mm) =  Rh = 2 
Radius (dotted line in Appendix H) of a section in aluminium cover (mm) =  RCAl = 52 
Inner radius of extruded center cylinder in aluminium cover (mm) =  RCIEAl = 4 
Outer radius of extruded center cylinder in aluminium cover (mm) =  RCOEAl = 10 
Axial length of extruded center cylinder in aluminium cover (mm) =  lCOEAl-top = 8 
Axial length of extruded bottom cylinder in aluminium cover (mm) =  lCOEAl -bottom= 17 
Axial length of middle cylinder in aluminium cover (mm) =  lCOEAl -middle= 10 
Volume of one phase winding (mm3)  = Vw1 = area of total parallel conductors(mm2) × length of series 
turns (m)×103  = 8×pi (0.5/2)2 × Nt × l1av = 8×0.1963×27×148.1mm = 6.2811×103 mm3 
From measurement length of 27 turns is 4 m which is equivalent to Nt × l1av . 
Mass of one phase winding (gram) = mw = Density of copper (kgm3) × Vw1×10-6 = 8960×6.2811×103 
×10-6 = 56.2973 gram. (By measurement, mw-ph1 = 60 gram,  mw-ph2 = 67 gram, mw-ph3 = 63 gram). 
Density of PM-NdFeB (kgm3) = DPM = 7620 
PM axial length total (mm) = lPM = 40.0mm 
PM circumferential height (mm) = hPM = 4.0mm 
PM radial length (mm) = ωPM = 10.0mm 
Volume of one cut corner (mm3), Vc = lc × ωc× hPM = 2 × 2× 4 = 16.0 mm3 
Volume of cut corners per PM (mm3) = 2×Vc = 32.0mm3 
Volume of one PM (mm3) = VPM = (lPM × hPM × ωPM-2Vc) = (1600-32) = 1568 mm3 
Volume of all PMs (mm3) = VPMs = P× (lPM × hPM × ωPM-2Vc) = 26 (1600-32) = 40768 mm3 
Mass of one PM (gram) = DPM × VPM × 10-6 = 11.9482 mm3. (By measurement, mPM1 =11.85 gram). 
Total mass of PMs (gram) = mPM = DPM × VPMs × 10-6 = 310.65 gram 
Density of steel (kgm3) = Dsteel = 7750 
Axial length of one rotor pole (mm) = 5.0 
Number of rotor poles along axial length = Nrp-a = 6 
Number of rotor poles = Nrp = P × Nrp-a = 26×6 = 156 
Surface area of rotor pole (mm2) = Srp = 0.6 pi (ROrp2 - RIrp2)/P = 67.61 
Volume of one rotor pole (mm3) = Vrp = lrp× Srp = 5×67.61= 338.05mm3 
Volume of total rotor poles (mm3) = Vrp-total = Vrp × Nrp = 338.05 × 156 = 52736 mm3 
Mass of one rotor pole (gram) = Dsteel×Vrp×10-6 = 2.6199 gram. (By measurement, mrp1= 2.65 gram). 
Total mass of rotor poles (gram) = mrp = Dsteel × Vrp-total × 10-6 = 408.70 gram 
Density of aluminium (alu) (kgm3) = Dalu= 2700 
Volume of rotor aluminium mounting disc (1mm thickness) = Val-1mm =  lal-1mm × (pi (ROAl2- RIAl2)-6pi 
(Rh2)) = 1× (pi (72 2 - 41.382)-6pi (22)) = 10831 mm3 
Volume of rotor aluminium mounting disc (2mm thickness) = Val-2mm =  lal-2mm × (pi (ROAl2- RIAl2) - 6pi 
(Rh2)-P× hPM × (ωPM -ωc) = 19999 mm3 
Volume of rotor aluminium mounting disc (3mm thickness) = mal-3mm =  lal-3mm × (pi (ROAl2- RIAl2) - 6pi 
Rh2-P× hPM ×ωPM) = 29374 mm3 
Volume of rotor alu cover disc (part1) = Val-c1 = pi (RCOEAl 2 - RCIEAl 2) × lCOEAl-top = 2111.2 mm3 
Volume of rotor alu cover disc (part2) =Val-c2=(pi (ROAl2- RCAl2)-6pi Rh2) × lCOEAl -bottom = 131170 mm3 
Number of elliptic hole in rotor cover = NholeEr = 4 
Number of circular hole in rotor cover = NholeCr = 4 
Radius of circular hole in rotor cover (mm) = Rhc = 2 
Radius of elliptic hole in rotor cover (mm) = RhE= 6 
Span angle of an elliptic hole from centers in rotor cover (°) = δEr = 49.7 
Area of elliptic hole in rotor cover (mm2) = AhEAL = pi RhE2 +  pi (RCEo2 - RCEi2) × (δEr /360°) = 529.46  
Area of circular hole in rotor cover (mm2) = AhCAL = pi Rhc2 = pi (22) = 12.566 
Volume of rotor aluminium cover disc (part3) = Val-c3 = (pi(RCAl 2- RCIEAl 2) - NholeCr × pi Rhc2 - NholeEr × 
AhEAL) × lCOEAl –middle = 75256 mm3 
Volume of rotor aluminium cover disc (part4) = Val-c4 = pi (RCOEAl2- RCIEAl 2) × 2 = 527.7876 mm3 
Mass of rotor aluminium mounting disc (1mm thickness) = mal-1mm = Val-1mm × Dalu = 29.240 gram 
Mass of rotor aluminium mounting disc (2mm thickness) = mal-2mm = Val-2mm  × Dalu = 53.996 gram 
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Mass of rotor aluminium mounting disc (3mm thickness) = mal-3mm = Val-3mm × Dalu = 79.310 gram 
(By measurement 83.6 gram) 
Mass of rotor aluminium cover disc (part1) = mal-c1= Val-c1× Dalu = 5.7 gram 
Mass of rotor aluminium cover disc (part2) = mal-c2 = Val-c2× Dalu = 354.15 gram 
Mass of rotor aluminium cover disc (part3) = mal-c3 = Val-c3× Dalu = 203.19 gram 
Mass of rotor aluminium cover disc (part4) = mal-c4 = Val-c4× Dalu = 1.425 gram 
Mass of rotor aluminium cover disc mal-c = mal-c1+ mal-c2+ mal-c3+ mal-c4 = 564.4688 gram 
Mass of rotor mounting housing (gram) = mrH = 2mal-1mm +2mal-2mm + 2mal-3mm + mal-c = 889.5608 
Density of M270-50A (kgm3) = DM270-50A = 7650 
Number of elliptic holes in stator = NholeEs = 6 
Number of circular holes in stator = NholeCs = 3 
Radius of circular hole in stator (mm) = RhCs = 1.5 
Radius of elliptic hole in stator (mm) = RhEs= 2.5 
Span angle of an elliptic hole from centers in stator (°) = δEs = 1.96 
Area of total stator holes (mm2) = Ahs=NholeCs × pi RhCs2 + NholeEs × piRhEs2 +NholeEs ×δ Es ×2 RhEs= 197.82 
Radius of stator upper layer from M27050A center hole (mm) = Rsi-hole= 5.85 
Radius of stator upper layer from M27050A slot (mm) = Rss= 20.3 
Radius of stator = Rs= 41.0 mm 
Radial length of slot (mm) = lss = 10.0 
Radial length of stator pole (mm) = lsp =10.7 
Axial height of stator pole (mm) = hsp = 5.0 
Axial height of stator slot (mm) = hss =10 
Axial height of aluminium layer in stator (mm) = hsu-Alu = 2 
Number of phases = m = 3 
Distance between phases = δ3φ = 8τp/3 
Ratio of distance between phases to τp = αdph = 8/3 
Number of stator poles per phase = nps = 3 
Ratio of stator pole circumferential length to τp = αsp = 0.8 
Ratio of distance between stator poles to 2τp = αdp = (2-αsp) τp/2τp = 0.6 
Area of stator upper M27050A layer (mm2) = Asu-M27050A= (pi(Rss2 - Rsi-hole2) - Ahs) + pi (1- m × αdph/P) (( 
Rss+ lss)2 - Rss2) + pi (Rs2 - (Rss+ lss)2) × (1- m × αdph/P – m× 2nps ×αdp /P) = 2753.5 
Radius of stator upper aluminium layer center hole (mm) = RsiAlu-hole = 9.35 
Area of stator upper aluminium layer (mm2) = Asu-Alu = (pi(Rss2 - RsiAlu-hole2) - Ahs) + pi (1- m× αdph/P) (( 
Rss+ lss)2 - Rss2) + pi (Rs2 - (Rss+ lss)2) × (1- m × αdph/P – m × 2nps ×αdp /P) = 2586.4 
Radius of stator middle layer from M27050A center hole (mm) = Rsm-hole= 5.5 
Area of stator middle layer (mm2) = Asm-M27050A = pi( Rss2- Rsm-hole2)- Ahs)+ pi (1- m × αdph /P) (( Rss+ lss)2 
- Rss2) + pi × (1- m × αdph /P - 2nps ×m×αdp/P  )  ( Rs2- (Rss+ lss)2)  = 2766 
Area of stator winding disk layer (mm2) = Asw-M27050A = pi (Rss2- Rsi-hole2) - Ahs = 989.2903 
Volume of stator upper (M27050A) (mm3) = Vsu-M27050A = Asu-M27050A× (hsp -2) = 8260.8 
Volume of stator upper (Aluminium) (mm3) = Vsu-Alu = Asu-Alu× hsu-Alu = 2586.4 × 2 = 5172.8 
Volume of stator middle (M27050A) (mm3) = Vsm-M27050A = Asm-M27050A× 2hsp = 27660 
Volume of stator winding disk layer (M27050A) (mm3) = Vsw-M27050A = Asw-M27050A× hss = 9892.903 
Mass of stator upper (M27050A) (gram) = msu-M27050A = Vsu-M27050A× DM270-50A  = 63.1951 
Mass of stator upper (Aluminium) (gram) = msu-Alu = Vsu-Alu × Dalu = 13.9666 
Mass of stator middle (M27050A) (gram) = msm-M27050A = Vsm-M27050A× DM270-50A  = 211.5998 
Mass of stator winding disk layer (M27050A) (gram) = msw-M27050A =  Vsm-M27050A× DM270-50A = 75.6807 
Mass of stator (M27050A) (gram) = ms-M27050A = 2× (msu-M27050A + msw-M27050A ) + msm-M27050A= 489.35 
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Mass of stator (aluminium) (gram) = ms-Alu = 2 × msu-Alu = 27.9331 
Mass of stator complete packet (gram) = ms = ms-M27050A+ ms-Alu = 517.2831. (By measurement 515 
gram) 
Mass of stator packet with three windings (gram) = msw = ms +3mw =517.2831+3×56.2973= 686.175 
(By measurement,  msw = 705 gram). 
Mass of TFM (kg) = mt = mPM + mrp + mrH +3mw+ms=310.65+408.70+889.5608+3×56.2973+517.2831 
≈ 2 kg.  
26) Calculation of power and torque density, 
t
ph3o
m
P
−
 and 
t
shaft
m
T
: 
Therefore; kg/Nm
2
2
m
T
t
shaft
 1 =≈  and kg/Watt20
kg2
Watt40
m
P
t
ph3out
 ≈=
−
 
27) Calculation of moment of inertia, Jr (kg⋅m2): 
This is the inertia of rotor that includes rotor poles, PMs and aluminium mounting casing.  
( )2i2atr rrm21J +⋅=  (D2.37) 
where ra and ri outer and inner radii, respectively and mt  is the mass. Note that Jr should be calculated 
for each rotating parts. 
Inertia of PMs (kgm2) = JPM = 0.5×mPM ×10-3× (( ROrp ×10-3)2 + (RIrp×10-3)2) = 6.7678×10-4 kgm2 
Inertia of rotor poles (kgm2) = Jrp= 0.5×mrp ×10-3*(( ROrp ×10-3)2+( RIrp ×10-3)2) = 8.90×10-4 kgm2 
Inertia of rotor aluminium mounting disc of 1mm thickness (kgm2 ) = Jal-1mm = 0.5× mal-1mm ×10-3× 
((ROAl×10-3)2 + ( RIAl ×10-3)2) = 1.0084×10-4 kgm2 
Inertia of rotor aluminium mounting disc of 3mm thickness (kgm2) = 0.5×mal-3mm × 10-3× ((ROAl ×10-
3)2 + ( RIAl ×10-3) 2) = 2.7347×10-4 kgm2 
Inertia of rotor aluminium mounting disc of 2mm thickness (kgm2) = 0.5* mal-2mm ×10-3× ((ROAl ×10-
3)2+( RIAl ×10-3)2) = 1.8619×10-4 kgm2 
Inertia of rotor cover part1 (kgm2) = Jrc1 =0.5mal-c1 ×10-3× ( RCOEAl 2+ RCIEAl 2)×10-6 = 3.31×10-7 kgm2 
Inertia of rotor cover part2 (kgm2) = Jrc2 =0.5mal-c2 ×10-3 × ( ROAl2+RSAl2)×10-6= 0.0014 kgm2 
Inertia of rotor cover part3 (kgm2) = Jrc3 =0.5 mal-c3 ×10-3× ( RSAl2+ RCIEAl 2)×10-6= 2.7634 ×10-4 kgm2 
Inertia of rotor cover part4 (kgm2) = Jrc4 =0.5mal-c4 ×10-3× (102+42)×10-6= 8.265 ×10-8 kgm2 
Total inertia of rotor cover (kgm2) = Jrc = Jrc1 + Jrc2 + Jrc3 + Jrc4 = 0.0017 kgm2 
Inertia of rotor (kgm2 ) = Jr = JPM + Jrp +2× Jal-1mm +2× Jal-2mm +2× Jal-3mm + Jrc =  0.0044kgm2 
28) Calculation of specific electric loading, (A⋅turn/m): 
( )
( )
( )






→=
××
××
=
→=

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
××
×××
=
=
−
−
segmentedmturnAac
layeredmturnAac
ac
ss
sl
s
/.39600
310102
11827
/.15.7446
2
2610102
118112
3
3
 
For layered and segmented constructions, Kfill = 0.6, 0.42, respectively. The steady state performances 
of FCPM-TFM with segmented stator for speed of 200 rpm are shown in Fig. D2.3. 

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τ
 (D2.38) 
Appendices     264 
 
                                 
           (a)         (b) 
Fig. D2.1: Phasor diagram of synchronous motor (FCPM-TFM)  
(a) Under-excited motor (b) Over-excited motor 
 
 
 
Fig. D2.2: Specific iron losses of electric steel M270-50A at different frequencies  
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Fig. D2.3: Steady state characteristics of FCPM-TFM with segmented stator at 200 rpm
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Appendix E 
3D- Transient FEM with External Circuit Connection and 
Electromechanical Coupling 
 
Fig. E.1:  Coupling electric circuit to FCPM-TFM 
The finite element analysis can be performed easily and economically using the magneto-
dynamic formulation as long as the operation is under steady state conditions and the power 
supply is sinusoidal. Under these conditions, the finite element analysis gives reasonable 
results with good computation time [H4]-[S5]. However, the magneto-dynamic formulation 
fails when: the harmonics problem cannot be neglected because the rotor motion must be 
taken into account. Electromechanical transient occurs at the start up of the machine; or when 
the electric supply is no longer sinusoidal. Such problems require a time stepping scheme 
coupled with the rotor motion. Finite element matrixes, electric circuit and electromechanical 
equations are solved simultaneously at each step of time. This formulation is implemented in 
FLUX3D to allow the user to simulate and analyze the transient behavior of the electric 
machines under all operating conditions (start up, modification of load, fault conditions, etc.) 
[F3]. 
The researchers have studied the transient state of different electric machines through 
utilizing different software’s and FE- packages that revealed reasonable predictions of the 
performances subjected to 2D or 3D analysis. Transient fault currents in synchronous machine 
were mathematically analysed by using two-reaction theory through the utilisation of Electro-
Magnetic Transient Program (EMTP) and shown in [K1]. A closed transient response and 
periodic steady-state analysis of synchronous machine is introduced for an efficient time-
domain methodology in [R8]. EMTP is used in this investigation too, where the machine is 
modelled in direct phase coordinates, which explicitly regards the time varying nature of 
stator and stator-rotor inductances, as well as interspatial harmonic terms.  Transient analysis 
of a traction motor is shown in [K8], where the equivalent circuit modelling is performed with 
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parameters calculated from FEM. In [P1], a transient FE- analysis has been presented using 
Flux2D, where the investigation has been applied to induction motor that is supplied via 
external electric circuit and has electromechanically coupling features. The study has included 
a constant speed operation as well as motor starting investigation. Improvement in the 
magneto-dynamic model that is implemented in Flux2D has been achieved in [J1]. A rear 
view mirror motor is analysed using Flux3D by introducing brush segment switching circuit 
in [F5].  
Since FCPM-TFM is a type of PM synchronous machine which has a 3D- flux pattern 
[B6]-[B10], therefore, it is an urge to simulate the machine in 3D domain and since the 
structure is unsymmetrical around the rotation axis, the whole structure has been modelled to 
consider the mutual effects between the phases. The modelling results are compared for 
magneto-dynamic and transient formulations, while the motion is kept at a constant speed. 
The electromechanical starting results are also presented, which comprises no-load and 
change of load study cases.  The magnetic and kinematic aspects are considered in magneto-
mechanical solving principle in Flux3D. The magnetic aspect is characterized by Maxwell’s 
equations and the kinematic by the fundamental equations of dynamics in rotation [L8]. 
Generally, transient analysis of FCPM-TFM underlies three main parts: electromagnetic FE-
formulation, external electric circuit connections, and electromechanical coupling. Joining the 
matrix equations of the magnetic construction, electric circuit and mechanical coupling and 
solving them simultaneously at each step of time, will release a solved transient magneto-
mechanical problem. 
The imposed speed kinematic model under transient magnetic physical application has 
been applied in the study, where the operation is done at constant velocity. The computation 
of the electromagnetic field is done for different positions, which are defined by the imposed 
speed to the rotor. In this study, Maxwell’s equations take the time variation of the 
electromagnetic field into account, while the dynamics is not considered in a manner similar 
to the analysis in magneto-static case. In a coupled load kinematic model, where the rotor 
drives an external mechanical load, both the magnetic and the kinematic formulations are 
considered. The algorithm of solving a case that includes a magneto-mechanical coupling 
between electromagnetic and kinematic aspects embraces a three stage procedure:  
1) Maxwell equations are solved and the relative position between the rotor and stator of 
the machine is stated (Initial conditions are estimated from Magneto-static analysis). 
The values of the three-phase supply currents are obtained from the coupled electric 
circuit for each angular position. 
2) The equation of dynamics is solved. The acceleration and speed of the rotor is computed 
during a time step and the next position of the rotor is calculated for the next time step. 
3) The rotor rotates to the next position, re-mesh of the displacement area is done and the 
corresponding values of the currents are calculated. 
The procedure is repeated from stage 1 again for the next computation step of time. Thus, the 
magneto-mechanical case study will be solved. The external circuit allows simulating the 
operating conditions of the motor with real power supply connections. The electric circuit that 
is used throughout the transient simulations is shown in Fig. E.1 and is coupled via Flux3D to 
the FCPM-TFM. 
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θsegment Conduction Interval 
(with respect to rotor angular position, θ) 
θsegment Conduction Interval 
(with respect to rotor angular position, θ) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                   
 
                                
 
                                   
 
                                
                 
 
 
 
 
 
 
 
 
Fig. E.2:  Timing signals of each brush segment 
Each brush segment is identified by brush opening, commutator segment opening angles, on 
state resistance and commutator segment angular position. The circuit constitutes six brush 
segments and operates according to switching scheme. The switching signals for the operation 
sequence of the brush segments are shown in Fig. E.2.  Clearly, each brush segment will have 
a period of conduction, which conducts, when the mechanical angle of the rotor is equal to 
opposite of the commutator segment angular position toward the brush position. In the 
software, clockwise rotation defines negative angles while counter clockwise rotation 
identifies positive values. The angular position definitions of the segments will specify if the 
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Fig. E.3:  Switching signals of the brush segments 
brush segment location, either at top or bottom in the electric circuit diagram. The operation 
of the circuit is taken a place by following the switching signals in Fig. E.3, where the 
numbers of the conducting and non-conducting brush segments during each period are shown. 
The turn on or off angular interval is 20° for each brush segment and the angular overlap 
interval is 8°. These intervals have been adjusted to take into account the pole pitch (τp) of the 
FCPM-TFM by multiplying them by a factor of τp/180°.  
A switch is added in series with the supply in the circuit to ensure that the machine has no 
currents at the starting and to calculate the initial angular position of the rotor. After a period 
of time, the switch is turned on, so that the starting process is taken place. Flux3D features 
two types of motion. Each is of a specific analytical study for the FCPM-TFM: 1- Rotor 
rotation at a constant angular velocity. Rotor speed in rpm for the constant speed motion 
should be assigned. This time stepping scheme allows modeling the motor at the speed, where 
the harmonics are considered.  2- Rotor motion is governed by the mechanical equation: 
Lmr TθαΓθJ −⋅−= &&&  (E.1) 
where; mΓ  is electromagnetic torque, Jr is moment of inertia, θ& , θ&&  are angular velocity and 
acceleration, α is friction coefficient and TL is load torque.  
The finite element time stepping scheme, coupled with the mechanical equation, allow 
modelling such transient dynamic behaviour of the FCPM-TFM as the start up or motor 
operating condition after a load modification. At each time step, the motor electromagnetic 
torque τm, is computed. Having equation (E.1) solved, the angular acceleration, velocity and 
displacement that are used to determine the rotor mesh motion, are obtained. The three-phase 
outer rotor FCPM-TFM with segmented windings of an air gap diameter 82.88 mm and has 
an air gap length of 0.88 mm. The machine has been simulated without considering the effect 
of center aluminium discs. Half the axial length of the TFM has been simulated by 
introducing a symmetry property for the complete radial structure. Therefore, the mutual 
effects are considered through this approach. The transient analysis covered by FE- is divided 
in this context into two sections, where the FCPM-TFM is run at a constant speed and when a 
load is coupled to the rotor. Each mode of operation has been described and analyzed in the 
following sections, and comparisons to magneto-static results are shown as well. 
Constant Speed Operation 
FCPM-TFM is operated at constant speed of 900 rpm. The windings of the machine are 
connected in delta. The 3D-model will incorporate the variations of the inductances of the  
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Voltage source, Vs (Volts) 24 
Line resistance, RL (Ω) 0.1 
Line inductance, LL (H) 10-4 
Phase resistance, Rphase (Ω) 1 
Brush-Segment on-state resistance, RON (Ω) 0.1 
Table E.1: Parameters set in the electric circuit 
                
  
 (a)            (b)  
Fig. E.4: Performance of FCPM-TFM 
(a) Phases' and input currents (Delta windings)  
 (b) Torque from transient and magneto-static analysis 
phases throughout the simulation. The values of the inductors and resistances in the electric 
circuit are set according to the values shown in Table E.1. The brush opening angles are set to 
20°× (τp/180°) and the commutator segment opening angles are set to 108o× (τp/180°). The 
angular position of the commutator segments are adjusted according to the switching scheme 
which is presented in Fig. E.3.  
The generated phases’ and input currents are shown in Fig. E.4(a). The figures are shown 
with respect to the angular position and plotted over two pole pitches. The electric circuit 
followed the proposed switching scheme as expected. The initial conditions of the rotor 
position have been estimated from magneto-static study. A phase shift of 120 in electric 
degrees can be seen in the phase currents plot, and overlap period of the conducting switches 
is 0.1×τp. The ripple factor of the line current is ≈ 0.353. Fig.E.4(b) shows the electromagnetic 
torque produced from magneto static study, where FCPM-TFM is fed by three phase pure 
sinusoidal current sources of 24.86A peak value and the electromagnetic torque obtained from 
transient analysis at constant speed from the currents produced from the switching circuit, 
which are of 23.36A peak value. The amplitude of torque ripples in the torque waveform 
corresponds to amplitude of cogging torque. The period of repeated torque signal is 0.333×τp 
over one pole pitch interval, which reflects the ≈ 0.5×brush segment total conducting interval. 
Electromagnetic Coupling Operation 
 The moment of inertia of FCPM-TPM is calculated to be 4.326×10-3 Kg.m2. Fig. 
E.5(a) shows the isolines on the faces of the FCPM-TFM at start up (at 7.5 millisecond). At 
this time, all the flux lines are concentrated at the top of the rotor because there are important 
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eddy currents in the rotor. Fig. E.5(b) displays the isolines distribution, when the motor 
reaches the synchronous speed (at 75 millisecond). The flux penetrates the rotor core because 
the eddy currents no longer affect in the rotor.  
      
  
 
Fig. E5:  Isolines on surface of FCPM-TFM at start and synchronous speed 
The plot shows clearly the phase armature currents, which are on operation. The isolines 
are of negligible values in the air areas surrounding the motor. The variation of the speed of 
the rotor from start up until a synchronous speed of ≈140 rpm, is shown in Fig. E.6(a). The 
phase voltage waveforms of the three phase winding are presented in Fig. E.6(b). It can be 
clearly recognized the back EMF and harmonic effects on the sinusoidal voltage waveform. 
The stator phase voltages are high at starting and decrease when the rotor speed increases. 
After reaching synchronous speed, the voltage waveform is steady and constant (no load 
case). When the TFM reached almost synchronous speed, a load torque of 10 Nm is applied. 
Fig. E.7 shows the dynamic behavior of the motor to adjust its operating conditions to the 
change of the load by decreasing the rotor speed from 130 to 90 rpm, and increasing the 
motor torque to counter-balance the load torque. Fig. E.7(b) shows the phase current 
waveforms, when a rated load is connected to the TFM running at almost synchronous speed 
(no load). The motor adjusts to the new operating conditions by increasing the phase current 
and thus the motor torque to counter balance the load torque.  
               
 
 
Fig. E.6.  Starting characteristics       
(a) Electromagnetic torque  (b) Phase voltage waveforms 
 (a) At starting   (b) At synchronous speed 
(at time  =  75 msec) 
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Fig. E.7:   Loading of FCPM-TFM 
(a) Electromagnetic and applied load torque    (b) Phases' currents after load change 
 
 
 
 
 
(a) Embedded electric circuit in Flux3D  (with simple switches) 
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(b) Switching signals of switches 
Fig. E.8:   Implementation of electric circuits with simple switches 
Electric circuits with switches can be utilized throughout the transient simulations too. As 
simple switches are applied, the overlap is considered as a continuous interval and a start up 
switch is required as shown in Fig. E.8. This switch should be open during the first 
computation steps and is closed after a period of time to ensure the correct initial physical 
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status of the machine. The timing programming code shows the switching model. The overlap 
periods, 2∆θ are introduced in the switching code. The trapezoidal shapes of the switching 
signals are impossible to be achieved, when switches instead of brush segments are used. 
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where, R stands for remainder of division, ∆θ is half the overlap period. 
Table: E.2: Switching commands 
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Appendix F 
Eddy Current Investigation on Laminations of Different Shapes 
Pre-investigations of the eddy currents have been done by 3D-FEM on laminations of 
different shapes subjected to alternating magnetic field. Firstly, the study covers the eddy 
currents distributions on a circular disc of solid conducting material with non-magnetic 
properties like aluminium and with linear and approximated non-linear magnetic materials. 
The source of the magnetic field is produced from a sinusoidal current source applied to a coil 
wound on a steel kernel made of soft magnetic material. Secondly, the same source of 
magnetic field is applied to a sample lamination taken from the real stator of the FCPM-TFM. 
The lamination has holes, which have introduced connectivity problem. This problem has 
been raised since coupling between different potentials are not valid. Thus, electric cuts have 
been introduced to solve the problem. The illustrations of the simulated laminations are 
shown in Fig. F.1. By conducting these studies, the factuality of the software can be realized 
and therefore applied to a real segment of the machine. 
 
 
   
 
 
 
 
 
 
 
F.1.  Eddy current density distribution on a circular disc 
The source of alternating magnetic field is located above the center of the disc in a 
perpendicular direction as shown in Fig. F.1. The eddy currents circular paths on a disc of 
aluminium and electric steel M270-50A are shown in Fig. F.2(a)-(b), through using steady 
state AC magnetic and transient approaches, respectively. The aluminium disc is assigned as a 
solid conducting region without magnetic properties, and the steel disc is set as solid 
conducting region too, however with electric with magnetic properties. The coils carry the 
same sinusoidal alternating current of a peak value of 24.8A and a frequency of 50 Hz.  Fig. 
F.2(a) illustrates that the induced eddy currents in the aluminium disc will be thirty times 
higher in amplitude compared to the electric steel. Both figures are plotted for phase of 90o 
electric degrees, since the maximum magnitudes of the eddy currents will occur at the 
maximum magnetic field. Fig. F.2(b) shows the eddy currents at the end of the first 50Hz 
Coil with 
alternating 
current 
    (a)                           (b)          
Fig. F.1: Pre-investigated eddy current studies 
(a) Study on a disc (b) Study on a sample lamination of the stator 
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current cycle, where the eddy currents paths concentrates obviously under the magnetic 
source, more in the aluminum disc. After the first current cycle, the eddy current values in 
aluminium are recorded to be twenty times the magnitudes of the eddy currents in M270-50A. 
F.2. Eddy current density distribution on a shaped lamination  
The modulus of current density has been plotted for the laminations of the FCPM-TFM via 
using 3D-transient approach. Fig. F.3 shows the eddy current and flux density distributions on 
aluminium and electric steel laminations at the end of the first electric cycle, when the 
magnetic field is located over one side of the lamination. Fig. F.3(a) shows, as expected, the 
high values of the eddy currents and low values of the flux density on the aluminium 
lamination. The eddy currents are shown on two different shapes of laminations of M270-50A 
in Fig. F.3(b)-(c). The shape and size of theses laminations are the same as those utilized for 
the upper and center laminations in the actual constructed laminated stator. 
 
 
 
 
 
                      
 
 
 
 
           
 
  (a) 
 
 
 
   
 
 
 
 
      
   (b) 
Fig. F.2:  Eddy current density distribution in a round disc 
(a) via steady state AC magnetic application 
(b) via magnetic transient application 
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(c)  
Fig. F.3.  Eddy current and flux densities distributions in laminations of different materials  
(a) Aluminium (b) Electric Steel M270-50A  
(c) Electric Steel M270-50A (of different shape) 
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The eddy current density will rise over the joints of the poles with the core of the 
laminations, since the area seen by the induced currents are small, therefore the current 
density will increase over these regions. In contrast to the aluminium, the electric steel M270-
50A will show increase in flux density; while the eddy currents will reduce as the 
conductivity of M270-50A is smaller compared to aluminium. The electric property of 
aluminium is modeled with isotropic resistivity, ρ(T) that is a linear function of temperature 
as expressed in (F.1). The initial resistivity, ρo is set to 2.65×10-8 Ω. m through the analysis.  
( )( )odo T-T1 (T) ⋅+= saρρ  (F.1) 
where, To and Td are the initial and default temperature set by the user, respectively, and as is 
the slope which is equal to 0.004. The flux density modulus vector is perpendicular to the 
plane of the lamination, while the vector of the current density modulus is parallel to the 
lamination plane. 
As the eddy currents will be changing with the source of magnetic field, it is worth to plot 
the eddy currents over several cycles of the magnetic field. Fig. F.4 shows the eddy current 
losses versus the transient steps for aluminium and M270-50A laminations calculated by 
losses by Joule effect shown mathematically in Chapter 3. Obviously, the aluminum shows 
more electric losses compared to the electric steel. The loss of energy is generally dependent 
on the frequency of supply, maximum flux density and the number of domain walls in soft 
magnetic materials [S1]. The frequency of the eddy current losses pulsation is proportion to 
two times the frequency of the supply as appear in the figure, while their magnitudes is 
proportional to square the frequency. Their amplitude will increase by 44% if the supply 
frequency is changed from 50 to 60Hz. 
         
 
Fig. F.4.  Eddy loses vs. transient steps 
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Appendix G  
Soft Magnetic Composite (SMC) 
G.1. Machining Test of SMC Material  
Soft magnetic composite (SMC) material is a suitable material for the axial flux machines and 
for those of 3D-flux pattern, especially for mass production [A4]. This material should be 
machined correctly; otherwise the material will lose its properties. Conventional machining 
techniques should be used to shape SMC material in to the desired design, such as drilling, 
turning and milling, however, cutting SMC by using laser will spoil the material. Somaloy 
Prototyping Material blanks exhibit stable mechanical properties up to 150ºC [H7]. SMC-
Somaloy prototype materials from SMC-Company Höganäs are available in the market for 
20/40 mm axial length with 80 mm diameter cylinders and recently 120 mm diameter 
cylinders with 20 mm axial length.  Normally, Höganäs can test if the machining of the part is 
done correctly by providing them with a small ring of SMC material of 5 mm thickness and 
with 55/45 mm outer and inner diameters. The machine test gives DC properties and core 
losses at 1 Tesla as shown in Tables G1.1 and G1.2 compared to a reference machined ring 
produced in the company; as well as the relation between permeability versus frequencies as 
shown in Fig G1.1. Some cylinders of SMC-Somaloy prototype material and machined two 
pole pitch segments are shown on the same figure too. Magnetising curves and core losses are 
shown in Fig. G1.2, and Fig. G1.3; respectively for different types of SMC-Somaloy [H7].  
 Density 
(g/cc) 
Bmax @ 4000 
A/m [T] 
Bmax @ 4000 
A/m [T] 
Hc 
[A/m] µmax 
Machines ring IALB 7,30 1,19 1,46 207 405 
Reference machined ring Höganäs 7,30 1,19 1,46 200 430 
Table G1.1: DC properties 
 50 Hz 200 Hz 400 Hz 600 Hz 800 Hz 1000 Hz 
Machines ring IALB 5 22 49 79 111 147 
Reference machined ring 
Höganäs 5 22 48 79 111 147 
Table G1.2: Core losses at 1 Tesla (in Watt/kg) 
             
 
Fig. G1.1: SMC machining test 
(a) SMC-Somaloy prototype materials (b) Permeability versus frequency 
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Fig. G1.2: Magnetising curves of SMC materials 
 
    
 
Fig. G1.3: Core losses of SMC materials 
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Appendix G 
Soft Magnetic Composite (SMC) 
G.2. Design with Soft Magnetic Composite (SMC) 
The stator is constructed from SMC somaloy prototype material and the machine has been 
simulated with the same dimensions of the laminated stator as a total air gap diameter of 
81.88 mm, τp of 10 mm and an air gap length of 0.88 mm. The construction of the TFM is 
shown in Fig. G2.1. SMC material has facilitated the air gap areas of the stator poles to be 
extruded. Simulations of 2τp segment have been conducted and the mathematical scaling has 
been applied to get the output torque of the whole machine using SMC-Somaloy prtotyping 
material of 20mm×80mm blancs. The fill factor is ≈0.42 with 52 series turns and 8 parrallel 
circuits. The machine is excited by 3-phase sinusoidal current supply with a current density of 
11A/mm2. 
The effects of the variations of the geometrical parameters for the SMC stator on the average 
torque of a three-phase FCPM-TFM are depicted in Fig. G2.2. It is found that a stator with a 
pole length and width of 10.0 mm and 4.1 mm, respectively, and a pole cut of 1.0 mm give 
the highest average torque; when the distance between the stator poles is kept within a certain 
interval [100% τP, 120% τP]. The flux density distributions of 2τp segment are shown in Fig. 
G2.3(a) for aligned and unaligned positions. The flux densities at the aligned position are high 
at the corners of the stator poles indicating the requirement of reshaping them into a curved 
profile. The maximum current is applied at the unaligned position, where the stator poles flux 
density reaches values around ≈2.5 Tesla.  Fig. G2.3(b) shows the cogging, reluctance and 
interaction torque components of the optimal SMC construction obtained after the geometric 
parametric study with a sinusoidal current supply. Obviously, SMC shows a high cogging 
torque compared to reluctance torque due to increased done in the poles surfaces facing the air 
gap. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)              (b) 
Fig. G2.1.  Assignment of geometric parameters for SMC stator  
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Fig. G2.2. Influence of geometric parameters variations on average torque 
A remarkable increase in stator core back flux and in consequence an improvement in the 
torque constant will be achieved by increasing the stator pole area facing the air gap. The 
average three-phase torque is calculated to be ≈6.70 Nm. This value found to be tremendous 
high compared to SMC construction done as the liminated one that has revealed only 
≈2.927Nm. An increase of 50% in the surface areas of the stator poles will lead to the same 
percentage of increase in the output torque and the rest of the increase in torque will be 
generated from other geometric varaitions. However, more increase in the poles faces might 
bring the machine to the leakage dominant region and the torque will start to sink. 
                                           
       
Fig. G2.3. Magneto-static study in 2τp of 3-phase FCPM-TFM with optimum SMC stator 
(a) Flux density distributions (b) Torque components 
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Appendix H 
H.1. Stator Dimensions 
 
 
                                                                     
 
 
 
 
 
 
 
   
 
Stator constructed from 
set of laminations 
Stator with windings and 
temperature sensors 
All dimensions in mm 
Other dimensions  
are the same  
as above 
0.6τp 
1.2τp 
0.8τp 
2.666τp 
6τp 
0.4τp 
Appendices     283 
 
Appendix H 
H.2. Rotor Dimensions (PMs) 
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Appendix H 
H.3. Rotor Dimensions (Rotor poles) 
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Appendix H 
H.4. Hausing of TFM 
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Appendix H 
H.5. Hausing of TFM (Aluminium Discs) 
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Appendix H 
H.6. 2D Schematic Diagram of TFM 
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Appendix H 
H.7. Photos from Construction of TFM  
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Appendix H 
H.8. Photos from Construction of TFM Mounting Profile 
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Appendix H 
H.9. Photos from Assembly of TFM 
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Appendix I 
Data Sheet of Permanent Magnet 
The demagnetising and intrinsic flux density curves of sintered NdFeB-L38UHT are already 
shown in Chapter 2 in Fig. 2.2(b). Certain properties of the utilized PMs based on the PM-
data sheet are collected in Table I.1.  In order to study the demagnetisation of the PMs in 
FCPM-TFM, three times the rated current is applied in the negative d-axis i.e. at the aligned 
position [J5]. The flux density iso-arrows on the PMs areas are shown in Fig. I.2 compared to 
no-load condition. It can be seen that the magnetic fields of PMs have been directed to a 
different route via the rotor poles avoiding demagnetization of the PMs. 
Remanent field density  
Br  
Field coercivity 
 HcB 
Intrinsic coercivity  
HcJ 
Maximum energy 
density (BHmax) 
[Tesla] [KG] [kA/m] [kOe] [kA/m] [kOe] [kJ/m3] [MGOe] 
1.22∼1.25 12.2∼12.5 ≥ 915 ≥ 11.5 ≥ 1989 ≥ 25.00 286∼310 36.0∼39.0 
Magnetic Properties 
Recoil permeabilty 1.04 [a.u.] 
Mechanical Properties 
Mass density ≥ 7.62 [g/cm3] 
Bending Strength 150∼380 [MPa] 
Compressive Strength 600∼1200 [MPa] 
Vickers Hardness 460∼660 [Hv] 
Thermal Properties 
Temperature coefficient of Br (20°C ~ 100°C) -0.100 [%/K] 
Temperature coefficient of Br (20°C ~ 180°C) -0.110 [%/K] 
Temperature coefficient of HcJ (20°C ~ 100°C) -0.55 [%/K] 
Temperature coefficient of HcJ (20°C ~ 180°C) -0.50 [%/K] 
Thermal expansion coefficient (parallel to magnetic anisotropy) 6.0 [10-6/K] 
Thermal expansion coefficient (perpendicular to magnetic anisotropy) -1.0 [10-6/K] 
Curie temperature  330 [°C] 
Maximum Working Temperature 180 [°C] 
Electrical Properties 
Electrical resistivity 125 ~ 155 [µΩcm] 
Table I.1: Magnetic, mechanical, thermal and electrical properties of NdFeB-L38UHT 
 
Figure I.1: No demagnetizating risk in FCPM-TFM 
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Appendix J 
J.1 Parameters for both Controllers 
 
DS 4820-TFM controller 
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Appendix J 
J.2 Speed and Current Responses 
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Appendix K (Measurements) 
K.1. Flux Densities over Stator Poles of Three-Phase Sectors 
(each phase winding has 216 series turns )   
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Appendix K 
K.2. No-Load Induced Voltages  
(a) 27 series turns and 8 parallel circuits 
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Appendix K 
K.2 No-Load Induced Voltages  
(b) 80 series turns and 1 parallel circuit 
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K.2 No-Load Induced Voltages  
(c) No-load line-to-line voltage waveforms from prime mover            
at different speeds 
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K.3. Performances of Test Machine at 100 rpm  
 
(a) Test machine works as motor and servo motor works as load 
(Measurements on TFM side) 
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K.3. Performances of Test Machine at 100 rpm  
 
(b) Test machine works as load and servo motor works as motor 
(Measurements on TFM side) 
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